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Abstract
This thesis presents the resu lts from the trip le differential cross 
section (TDCS) m easurem ents, obtained from an (e,2e) experim ental 
apparatus incorporated with a polarised electron beam source, a polarised 
sodium atomic beam source, and an electron polarisation polarimeter. The 
form at of this thesis is in six chapters. Chapter 1 gives a brief introduction 
to the previous work in th is field of research, and the m otivation of the 
present work.
Chapter 2 sum m arises the theories of electron-impact ionisation with 
atoms and the electron polarisation phenomena of electron-atom scattering 
processes.
In chapter 3, a detailed description of the experim ental apparatus, 
including the  GaAs polarised electron source, the  retard ing-po ten tia l 
polarimeter, and the (e,2e) spectrometer, is presented.
The investigation  of spin effects in electron-xenon ionisation 
processes with a polarised incident electron beam is reported in chapter 4. 
The transversely  polarised incident electron beam has a polarisation of 
about 24%, and the incident energy was 147 eV. Two outgoing electrons 
were detected in the same scattering plane of the incident electrons with the 
(e,2e) coincidence technique. The fast scattered electron w ith an energy of 
100 ± 3 eV was detected a t 28°, on the left side of the electron beam, and the 
ejected electron w ith an energy of 35 ±3 eV was detected at various angles 
on the right side of the incident beam. The TDCS for the ground state  of Xe+ 
have been m easured w ith an (e,2e) energy resolution which is sufficient to 
resolve the two fine structure  levels, 5 P y 2 and 5 P3/2. Obvious spin-up- 
down asym m etries for both 5 P y 2 an d 5 P3/2 sta tes were observed w ith 
these kinem atics. The mechanism of this polarisation phenomenon can be 
m ainly explained by the “fine-structure  effect”. D etailed experim ental 
results, comparison w ith theoretical calculations, and the discussion are 
given in this chapter.
A non-coplanar sym m etric (e,2e) experim ent w ith an excited and 
polarised sodium atomic beam is reported in chapter 5. In this experiment, 
the electron impact energy was 605 eV. The electron beam (unpolarised), 
sodium beam, and the  laser beam  in tersected  a t righ t angles in  the 
in teraction region. W ith right-hand circularly polarised laser-light, the 
sodium  atom s w ere a ligned  and  o rien ted  to th e  excited  s ta te , 
3p(l = 1, mi = +1). The electron momentum distribution of this state, as well 
as the randomly oriented ground sta te  3s, were probed. The experim ental 
results, the comparison theoretical calculations, and the discussion are 
presented in this chapter. The recent theoretical prediction of orientational 
(e,2e) dichroism, as well as some experimental techniques are also discussed 
in this chapter as possible future perspectives.
Finally a sum m ary is presented in chapter 6.
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1Chapter 1
Introduction
Electron-impact ionisation is one of the most in teresting subjects in 
the  field of atom ic physics. Ion isation  cross sections are  of g rea t 
importance not only for fundam ental research in atomic physics but also 
for m any o ther a reas such as p lasm a physics, upper atm ospheric 
physics, etc.
For a single direct ionisation process the reaction-is
e (Eo,ko) + A  -» A + (e,q) + e (Ea,k a) + e (Eb,kb),
where Ei are the kinetic energies of the electrons and the ir momenta, 
e and q are the binding energy and the recoil momentum of the ion A+. 
The existence of th ree  freely moving particles implies th a t four different 
cross sections can be defined: the total cross section o{E0), the single, 
double, and triple differential cross sections:
d a  d 2o  , d 3c7« ~. and   ^ * .
dE dE dk  dEadkadkb
The earliest ionisation studies were of to tal cross sections, using 
para lle l p late  configurations (Tate and Sm ith 1932), or using m ass 
spectrom eter (Fite and Brackm ann 1958), for the collection of the produced 
ions. These total cross sections provided much im portant information for 
m any applications but gave very little information on the dynamics of the 
ionisation process itself, or on the structure of the target.
The single differential cross section (SDCS) describes (for a given 
energy E0) the energy distribution  of the  two outgoing electrons. The 
double differential cross section (DDCS) is obtained by m easuring the
2in tensity  d istribution  of one of the outgoing electrons as a function of 
energy and angle. An example of these m easurem ents is th a t of Opal et 
al .  (1972). A lthough  th ese  m easu rem en ts , especially  th e  DDCS 
m easurem ents, provide some im portan t inform ation on the  ionisation 
m echanism (Opal et al. 1972) and the structure of the target (Bonham and 
W ellenstein 1977), they do not provide complete inform ation on the  
collision. For instance, the DDCS m easurem ents only provide inform ation 
on one outgoing electron, while the energy and momentum inform ation of 
the other electron is in tegrated . Consequently, the loss of inform ation 
about the ionisation process is obvious.
The most complete kinem atic description of an ionisation event is 
the triple differential cross section (TDCS) which determ ines the energy 
and momentum of all particles involved in the collision. The experim ental 
m easurem ents and theoretical calculations of the TDCS have been carried 
out for about 25 years. The m easurem ent of this cross section requires the 
coincident detection of both outgoing electrons, so the term  (e,2e) cross 
section has been used to describe th is TDCS. Because the electron-atom  
ionisation process involves a t least th ree  bodies, all of which in te rac t 
through the long range Coulomb forces, the theoretical description of the 
ionisation m echanism  requires a solution to the m any body Coulomb 
problem. The (e,2e) cross section therefore provides very stringent tes t of 
various theoretical models of the m any body problem (E h rhard t et al. 
1986). The (e,2e) cross section depends not only on the dynamics of the 
ionisation processes but also on the structure of target and ion. In certain 
regions of the  collision, the  ionisation m echanism  can be described 
accurately, and the  (e,2e) cross section can then  be used to provide 
struc tu ra l inform ation. In  such cases the (e,2e) cross section is used to 
probe the m om entum  space w avefunctions of electrons in atom s and 
m olecules, and  is often called  e lectron  m om entum  spectroscopy 
(McCarthy and Weigold 1988).
H ow ever, even in  th e  norm al (e,2e) m easu rem en ts , some 
inform ation is averaged over. One example is the spin-averaging of the 
collision p artic les . Up to now, m ost of the  (e,2e) cross section  
m easurem ents and calculations have been carried out for unpolarised 
electrons and unpolarised atoms. Sim ilar to the inform ation loss in the 
DDCS, the  sp in-averaged TDCS sum s the  spin inform ation  of the  
ionisation process. Consequently, the spin-dependent interactions of the 
partic les are  m asked by the  Coulomb in terac tions, and the  ta rg e t 
s truc tu ra l inform ation obtained from the TDCS is spherically averaged.
3The aim of this thesis is to explore the spin-dependence of (e,2e) ionisation 
processes and extract the struc tu ra l information of a polarised target, by 
using polarised electrons and polarised atoms. The outline of the thesis is 
as follows.
Chapter 2 provides a sum m ary of the theoretical background for the 
experim ents. I t stresses firstly, the theoretical approaches for electron 
m omentum  spectroscopy and the electron-atom ionisation processes and 
secondly, the  sp in-dependent in te rac tions and electron po larisa tion  
phenomena derived from collision processes.
C hapter 3 gives the details of the experim ental appara tus for the 
(e,2e) experim ent w ith  a polarised electron source. The a p p ara tu s  
includes th ree  p a rts , the  GaAs polarised electron source, the  (e,2e) 
collision system, and the Mott polarimeter.
The (e,2e) m easurem ents w ith polarised electrons and xenon atoms 
are described in chapter 4. The aim of this experiment is to investigate the
n
spin-dependence of the TDCS in the xenon fine structure states 5 P y 2 and 
52P3/2 by changing the polarisation of the incident electrons. A coplanar 
asym m etric geom etry is used in the m easurem ents w ith the  incident 
energy of E0 = 147 eV. The experim ental resu lts  are  com pared w ith 
recen t th eo re tica l calcu lations and a de ta iled  d iscussion  of th is  
comparison is given.
The other experiment, the (e,2e) experiment w ith laser excited and 
polarised sodium atoms is presented in chapter 5. The in itial m otivation 
of th is experim ent is to probe the momentum structure of an aligned and 
oriented target. In the experiment, the sodium atoms are excited by right- 
hand circularly polarised radiation  to the 32P3/2(m  ^ =+1) substa te . The 
orb ita l an g u la r m om entum  is th en  orien ted  along the  la se r beam  
direction before the collision. The experiment is performed under the non- 
coplanar symmetric (e,2e) geometry with the incident energy of about 600 
eV. The experim ental setup, resu lts and discussion are presented. After 
th e  com pletion  of th ese  m ea su re m e n ts , a fu r th e r  th e o re tic a l 
understand ing  of the  collisional dynamics was achieved. This is the 
dichroism of (e,2e) collisions with oriented atoms (Klar 1994), which tu rns 
out to be very a ttrac tive  for fu rther experim ental investigation. F u tu re  
perspectives including th is theoretical model and experim ental thoughts 
are described briefly.
4To complete this thesis, a conclusion is given in chapter 6. The spin- 
resolved (e,2e) collisions are in an early stage, there rem ain m any open 
questions to solve.
5Chapter 2
Theoretical Background
Part 1: Electron-Atom Ionisation
2.1 Introduction
A schem atic of the electron-atom  ionisation process is shown in 
figure 2.1. The incident electron, w ith energy E0 and m om entum  kQ, 
impacts upon the atom T. One electron a, is scattered with energy Ea and 
m om entum  ka through an angle 0a w ith respect to the direction of the 
incident electron. The other electron b, the ejected electron, is ionised 
from the atom w ith energy and m om entum  of Eb and kb, respectively. 
Conventionally the scattered electron a is assum ed to be the one of higher 
energy, i.e., Ea > Eb. It is convenient to define the scattering plane as the 
plane of the incident and scattered electrons ( k0, k a ). The direction of the 
ejected electron is 6b in the scattering plane, and cp out of this plane. With 
the energy and momentum conservation laws, one has
E0 = Ea + Eb + e, (2.1)
K = K +kb+<l, (2.2)
where e is the binding energy of the ejected electron, q is the ion recoil 
m om entum .
Inform ation about electron-atom  ionisation can be obtained from 
both total and differential cross section m easurem ents. The discussion of 
electron-atom  ionisation  in th is  thesis  will concentrate  on w hat is 
commonly known as the triple differential cross section (TDCS), i.e., the 
(e,2e) cross section, which provides the most detailed inform ation on the 
structure of the target and on the dynamics of the collision process.
6F igu re  2.1. Schematic of electron-atom ionisation. The incident electron 
impacts the target T  and produces one scattered electron a and one ejected 
electron b from the target. (k0, ka) is the scattering plane.
The TDCS expression in term s of the kinem atic variables is given in 
atomic units { h - m - e -  1) by
<i5cr
dkadkbdEa O.V
(2.3)
where Tf0 is the T-matrix element for the reaction from an initial state of 
|o) to a final ion s ta te  | /*), X ind icates an average and sum  over 
respectively initial- and final-state degeneracy. The T-m atrix element is 
defined as
Tfo = (0-f (ka , k b,e f )\T\<P:(ka>k b,k o)). (2.4)
0 ± forms a complete orthonormal set of vectors for both incoming "+" and 
outgoing collision particles.
If one expresses the T-m atrix in term s of the Greens function, and 
expands it according to the Lipm ann-Schw inger approach, then  the T- 
m atrix  is
T  = V  + VG°V + VG°VG°V+- • (2.5)
This series is called the Born series. It can be found in m any quantum  
scattering textbooks (e.g. Taylor 1972). G° is the free Greens function, and 
V  includes all the scattering potentials of the many-body system. The low- 
order term s in eq. (2.5) lead to the various Born approximations.
If  the ionisation collision is considered to be the interaction between 
three bodies: the projectile electron "P", the ta rge t electron V  and the ion 
core "T", then  the scattering potential V  can be w ritten  as
7V" — V^g + + Vpe. (2.6)
If one includes all the correlations of the reaction into the perturbation of 
the wavefunctions, then
(2.7)
*F+ ) and lF~) are the many-body wavefunctions of the in itial (+)
to a
where
and final (-) channels, respectively. Then the (e,2e) ionisation collision can 
be considered as a transition  of the system from an initial state  
final state
fo
j . The transition  am plitude is
*7|vK (2 .8)
In the last two decades, ionisation theories have developed rapidly. 
Theoretical trea tm en ts can quantitatively  and qualitatively explain the 
experim ental phenomena, depending on the impact energy range and the 
electron m om entum  tran sfe r range. The excellent review artic les of 
M cCarthy and Weigold (1991) and E h rhard t et al. (1986) give a detailed 
discussion of the electron-atom  ionisation process, from both theoretical 
and  experim en ta l aspects. In  the  p resen t thes is , the  th eo re tica l 
background is based on the conditions relevant to the experim ents in the 
thesis. Thus the theoretical trea tm en t is classified in term s of im pact 
energy and m om entum  transfer.
One im portant feature in classifying the ionisation collision is the 
incident energy. The ionisation process is very different in the region of 
high energy (E 0 > 40e), in term ediate  energy (5 £ < E0 <20e), and low to 
near-threshold energy (E0 <5e). (Note: regions as defined by E h rhard t et 
al. 1986). Another im portant feature is the momentum transfer K , where
K  = ko - V  (2.9)
K  can also be divided into a high momentum transfer region, say K  > 6 
a.u., a medium to low m om entum  transfe r region, say 0.2 < i f  < 1 a.u., 
and the  lim iting  case of K  —» 0. (Note: here the  region definition of 
M cC arthy and W eigold 1991, and E h rh a rd t et al. 1986 have been 
combined).
In  the  high energy and high m om entum  tran sfe r region, the 
in te rac tio n  betw een the  inciden t electron and the  ejected electron 
dom inates the ionisation process. In th is case a simple model such as the 
impulse approxim ation can accurately describe the reaction. W ith such a
8simple model, the struc tu re  of the ion core can be completely studied by 
the (e,2e) m easurem ents. These experiments are sometimes referred to as 
th e  so-called  b in a ry  (e,2e) experim en ts or e lec tron -m om en tum  
spectroscopy (EMS). In the present thesis, the (e,2e) experiment w ith laser 
excited and polarised sodium atoms is designed in this region. One of the 
most im portant geometries, the non-coplanar symmetric (e,2e) geometry 
is used. T hat is, 0a = 0b and Ea = E b, a t high-incident and outgoing 
energies (M cCarthy and Weigold 1988, 1976). D etails about electron- 
momentum spectroscopy are given in section 2.2.
In the region of in term ediate to low energy and sm all m om entum  
tran sfe r, the  ionisation  collision reveals rich  inform ation about the 
collision processes. The long-range Coulomb forces between the scattering 
electron, ta rge t electron and the ion core are of equal im portance in the 
reaction. The electron-electron exchange processes are not negligible 
w hen the  energy of the  incident electron is low. M any theo re tica l 
trea tm en ts  have been developed to explain the three-body sca ttering  
process. The collision m easurem ents provide a s tringen t te s t of these 
theories and deepen the understanding of the dynamics of the ionisation 
process. In this thesis, the electron-xenon (e,2e) collision w ith a polarised 
incident electron beam of energy E0 = 147eV, lies w ithin th is region. The 
low energy, coplanar asym m etric geometry is used in the m easurem ents. 
The use of the  polarised incident beam  opens a new dim ension for 
analysing  the  dynam ics of the  ion isation  process. The th eo re tica l 
background of th is experim ent is given in section 2.3.
In the lim iting case of K  —» 0 and high impact energies, i.e., 6a ~ 0 
and ka ~ k0, the (e,2e) cross section is proportional to the optical oscillator 
s treng th  and depends on the configuration of atomic electrons before 
ionisation. Therefore, th is kind of m easurem ent is often called the dipole 
(e,2e) m easurem ent (Brion 1975). This method has been widely used for 
the de te rm ina tion  of optical oscillator s treng th s I t is in essence a 
sim ulation  of photo-electron spectroscopy, w ith the  absorbed photon 
having energy " h V ' -  EQ -  Ea. No information concerning the dynamics of 
ionisation collisions is obtained from this region.
92.2 Electron Momentum Spectroscopy
If the momentum  transfer K  is large enough, the (e,2e) reaction can 
be trea te d  as the  inciden t electron encountering  one of th e  ta rg e t 
electrons, and knocking it out w ithout affecting the rem ain ion. This is 
the binary encounter approximation,  in which the reaction operator T  is 
taken  to be the electron-electron collision operator t :
Tfo = ( ^ f  (k a>kb,£f)\t\<I,o ( K > h ’ko'>) ^
= (ka>k b’f \ t \°k o)>
where | f , k a, k h) and |ok0) denote the wavefunctions of the final sta te  and 
the  in itia l s ta te , respectively. The ^-operator commutes w ith  the  ion- 
wavefunction | f )  since it operates only in the space of the incident electron 
and the electron th a t is removed from the target.
Because the  two outgoing electrons are indistinguishable, ts  is 
usually used to denote the antisym m etric ^-operator for total electron spin 
S:
% = ^[l+C-D8 ^ ab
where the space-exchange operator P ab is defined as 
P a b t t K ’h ^  =  o) -
(2 . 11)
(2 . 12)
As the incident electron has high energy, one can assum e th a t the 
collision time is short enough to neglect the response of the target, thus 
the incident electron and two outgoing electrons can be trea ted  as free 
electrons. The plane wavefunction \k) = elk'r can be used for the incident 
electron and two outgoing electrons, assum ing th a t a t high energies the 
continuum  electrons do not feel the potential of the target atom or final 
ion. Then,
T ^ \ k a,k b,k 0) = (kak bf\ts \ok0). (2.13)
This is the plane-wave impulse approximation (PWIA) (Hood et al. 1973). 
The PWIA am plitude may be rearranged as the product of two factors:
T (ff ( k a , k b,k 0) = (k ’\ts \k){kakbf\ok<1), (2.14)
w here
10
k ' = \ { k a - k b),
k  = \ ( k 0 - q ) ,
q = k0 - k a - k b.
(2.15)
This factorisation is exact for plane waves but an approxim ation if the 
electron waves are distorted from plane waves.
To include the distortion of the incident and two outgoing electron 
wavefunctions by the potential due to the rem ainder of the system , the 
plane waves may be replaced by distorted waves 
wave impulse approximation (DWIA) is:
XK~ '(&)). The distorted-
rp(S)
1 fo (ka,k„,k0) = (k'\ts \ k)(zw (ka)x(- \ k b) f  oX(- \ k 0)(2.16
In the im pulse approxim ation (PWIA or DWIA), the ta rge t and the ion 
structure  appears only in the form of the ion-target overlap (/*|o), which 
is a one-electron function. In  the DWIA the s tru c tu re  factor is a 
"distorted" s tru c tu re  factor since it depends on the waves %±. In  the  
PWIA, using the expression for ion-recoil m om entum  q ,  the  struc tu re  
factor is simply
(kakb f \ oko) = {<lf\°) = {<l\v)s V(q)- (2.17)
Thus, if the impulse approximation is valid, the reaction is a perfect probe 
for the overlap function \J/(q), since the cross section is the product of its 
absolute square and a known factor, eq. (2.14), the ee-collision factor. As 
the incident electrons are unpolarised, the electron spin degeneracy is 
unresolved. The ee-collision factor in the differential, cross section is the
absolute square of the half-off-shell Coulomb t-m atrix  elem ent (k '  
Summed and averaged over the final and initial spin states, it is
fee
1 2 ^ v 1 1_1_
(2 /r 2 )2 e x p ( 2 7 r v ) - l 1
H
o*
* 1 5S
-
o-
r
x cos vln
V
K
h
2 N
I2
(2.18)
where v = l/| ka -  kb (2.19)
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2.2.1 Investigation of the ion-target overlap function
The weak-coupling expansion of the ion eigenstate | f )  is a linear 
combination of configurations consisting of a hole in orbital y/j coupled to 
a target eigenstate a .
I n i  tif)
ja ja
y / j + a (2 .20)
The ta rg e t e igenstate  m ay of course be expressed as a linear 
co m b in a tio n  of in d e p e n d e n t-p a r t ic le  c o n fig u ra tio n s , i.e. the  
configuration-interaction (Cl) representation. If in itial target correlations 
are  negligible, the  lowest ta rg e t configuration, i.e. the  H artree-F ock  
configuration is a good approxim ation for the in itial sta te . This is the 
target Hartree-Fock approximation (THFA).
In the w eak coupling approxim ation, only the  ion configuration 
resu lting  from the removal of one electron from a ta rge t configuration 
contributes to the ion-target overlap, which is then given by
(<lf\o) = l t (f0)(q \Y j ) .  
j
(2 .21)
The linear combination above could be represented in term s of a single 
no rm alised  function  y/iy w hich is called  th e  c h a ra c te r is tic , or 
experimental orbital i, defined by
(qf\o) = t\f0 }{ q \ v i ). (2.22)
Therefore, the differential cross section for ionising an  electron 
from a characteristic orbital xgi is expressed, w ithin the PWIA as
~ = (2*)4 f e ß ^ N ,  \(kakb I Vi(q)k0f ,  (2.23)
d k adk^dhja %
w here
(2.24)
is the  spectroscopic factor for the final s ta te  f, which determ ines the 
probability th a t it belongs to the manifold i of the orbital y/p y^(qr) = (qr| y^) 
is the momentum orbital wavefunction; f ee is the ee-collision factor; is 
the  occupation num ber of the  orb ita l F u rth e rm o re , u sing  the
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orthonorm ality of the ta rge t eigenstates a , one finds the spectroscopic
<•
sum  rule,
I S ^  = l. (2.25)
f
The physical im portance of the TDCS is th a t it provides a direct 
m easu rem en t of th e  abso lu te  square  of the  m om entum  o rb ita l 
wavefunction \f/t; The m agnitude of the TDCS for ejecting an  orbital 
electron from the manifold i is proportional to the spectroscopic factor 
S jp .  This technique is called "Electron M omentum Spectroscopy", or, 
EMS (McCarthy and Weigold 1976, 1988).
2.2.2 Information from EMS
Electron correlations in the  ion resu lts  in m any ion s ta te s  f  
belonging to each manifold i whose sym m etry is given by the  one-hole 
c o n fig u ra tio n  i. From  eq. (2.20), each s ta te  of the  m anifold i is 
characterised by its coefficient The EMS differential cross section for 
ionisation to the sta te  f  is directly proportional to the spectroscopic factor 
S {p \  th a t is the  probability  of the s ta te  f  con ta in ing  th e  one-hole 
configuration i (eqs. 2.23 and 2.24). Therefore, EMS gives very detailed 
information about final-state correlations. It is worth pointing out th a t the 
photoelectron cross section a re  not d irectly  p roportional to these  
probabilities (Amusia and Kheifets 1985).
Usually the EMS m easurem ents have two aspects. One aspect is to 
probe the momentum  distribution of the one-hole configuration \y/i(q)\ by 
varying the angle of one electron detector. The other-is to determ ine the 
spectroscopic factors S-P for different states f  a t different binding energies
O ften  th e  ta rg e t  H artree -F o ck  ap p ro x im atio n  is a good 
approxim ation for atom s. It im plies th a t the in itia l correlation of the 
ta rg e t is negligible and the  atom  is occupied in the  H artree-F ock  
configuration. Then the shape of the momentum distribution to every ion 
state f  in a manifold i should be the same and is given by a single function 
|i//j(g)|2. This m eans th a t S-p  is independent of m om entum  and is given 
by the ratio  of the  experim ental cross section to sta te  f  relative to the 
sum m ed cross sections for all transitions belong to the m anifold i (eq. 
2.25). One object of EMS m easurem ents is to verify these  shapes of 
different ion sta tes f  which belong to one manifold i and determ ine the
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spectroscopic factor S -^  of each ion state  f. Then, one is able to check the 
spectroscopic sum rule (eq. 2.25) by a complete set of for a manifold i, 
and use th is spectroscopic sum  ru le  to norm alise the  rela tive  trip le  
d ifferent cross section for d ifferent m easurem ents under the  sam e 
conditions. Then a characteristic  orbital i is experim entally  defined, 
where energy £; is
e, = I SL'V
f
If the definition is independent of experim ental conditions, such as the 
incident energy, the orbital and its corresponding spectroscopic factors 
can be purely defined experimentally.
In some special cases, like the 2p  s ta te  of the helium  ion, in itia l 
electron correlation has to be included in the consideration. For such 
sta tes (qf\o)  is very sensitive to the  coefficients of the  h igher ta rg e t 
configurations. Analysis of such ion s ta tes  requires detailed Cl wave 
functions for both target and ion. In cases such as this, EMS can provide a 
sensitive probe for target ground sta te  correlations.
2.2.3 Geometries for EMS study
There are several kinds of geometries useful in electron momentum 
spectroscopy. One is the non-coplanar symmetric (e,2e) geometry for high 
energy incident and outgoing electrons. The typical experim ental setting 
is (Weigold et al 1973):
E a = E b = % f Z ,  ea = 6b B45°,  (2.27)
and the out-of-plane azim uthal angle (p of the electron b is varied to vary 
the ion-recoil momentum  q.
As the incident energy is high enough, one has
K I  =  N s f l * o l >
ko - ka\ = \k o - kb\ = \K \> (2.28)
2 n
K ~ k b
The ee-collision factor in eq. (2.18) is:
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fee  = (2.29)
One notices th a t the great advantage of EMS m easurem ents in this 
non-coplanar geometry is th a t the m agnitude of the m om entum  transfer 
K  is not only maximised, which is optimum for EMS conditions, but also 
kept constant as the incident energy E0 is fixed. As a result f ee is constant 
(independent of angle) and the differential cross section as a function of q 
is directly proportional to the s truc tu re  factor y/(q) in the  factorised 
impulse approxim ation. The azim uthal angle (p is the only variable for q . 
The m agnitude of the recoil momentum q is approximately given by
q = k0 sin^(p,  (2.30)
and the direction of q  is in the plane normal to the incident beam k0, w ith 
the angle of / r - 0 /2  w ith respect to the normal axis, h = [k0 x ß a )/ \k0 x k a\, 
to the scattering plane.
This geometry was first used to probe the structure of hydrogen at 
400, 800 and 1200 eV incident energies (Lohmann and Weigold 1981). The 
resu lts show excellent agreem ent w ith the calculated wavefunctions of 
hydrogen, confirming the validity of the impulse approxim ation a t high 
energies and disp laying  the  im portance of the  EMS m ethod. EMS 
m easurem ents have become a tool for the investigation of atom ic and 
molecular electronic structures. It has also been applied to investigate the 
electronic s tru c tu res  of solids (Weigold 1995). As one of the  fu rth er 
applications, the laser assisted  sodium EMS m easurem ent gives more 
inform ation on the struc tu re  of sodium, not only on the  usual ground 
state, but also on an excited and oriented state. This experim ent will be 
described in detail in chapter 5.
Another geometry for EMS study is the coplanar, asym m etric (e,2e) 
geometry for collisions a t very high incident energies, usually  several 
keV. A highly asym m etric condition is chosen so th a t k ~ k , k »kb. The 
m omentum  transfer is also large. If the scattering angle 6a is chosen to 
be 0ee, which satisfied the condition
Ea = E 0 cos2 6ee, (2.31)
the collision belongs to the Bethe ridge of the Bethe surface (Inokuti, 1971), 
and the  b inary  encounter approxim ation is valid. As the incident and 
outgoing electrons are  a t high energies, the im pulse-factorisation model
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can be applied as well. The ee-collision factor f ee is the same as th a t in eq. 
(2.29), and the differential cross section m easurem ents can be used to give 
structure  information as well. The advantage of this geometry is th a t the 
coincidence signal countrate is much higher in the asym metric condition 
th a n  th a t  in  the  non-coplanar sym m etric condition. The s tru c tu ra l 
information of various noble gases has been investigated in th is geometry 
(Daoud et al., 1985; Lahm am -Bennani et al., 1986; Avaldi et al., 1987).
The (e,2e) electron m om entum  spectroscopy experim ents described 
above have the common features of large momentum transfe r and high 
energy. Because the  dynamics of the ionisation collision is clear in th is 
regime, the differential cross sections obtained only yield the  electron 
momentum distribution of the target. The ionisation process is only a tool 
and little  inform ation is obtained on the  dynamics of the  collision. 
Inform ation about the ionisation collision process is obtained in the low 
momentum transfer region, described in the following section.
2.3 Study of the Electron - Atom Ionisation Process
In the low energy region electron impact ionisation involves a three 
body problem w ith th ree  slowly moving charged particles in the final 
channel in te rac tin g  via in fin ite-range  Coulomb forces. From  1969, 
E hrhard t and his coworkers sta rted  the first coplanar asym m etric (e,2e) 
m easu rem en t on helium  w ith  low im pact energies. Since th en , 
experim ental work on electron-im pact ionisation has developed rapidly, 
accompanied by theoretical trea tm en ts  of the problem w ith  different 
approaches. This has resulted in a be tter understanding of the ionisation 
process.
The coplanar asym metric (e,2e) geometry has been developed to be 
one of the most im portan t geom etries for studying the electron im pact 
ionisation process a t low and interm ediate energies. In this geometry, two 
electrons are d istinguishable because of the asym m etric se tting . The 
“scattered” electron is detected a t a sm all angle 9a and high energy Ea 
w ith the coincidence m easurem ent of another “ejected” electron detected 
at low energy Eb and various angles 6b on the sam e scattering  plane 
(k0,ka), i.e., (p = 0. W ith th is geometry the momentum transfer K  is quite 
sm all (0.2< K  < 1 a.u.) if the incident energy is not high. It has been 
shown, in the case of helium (E hrhardt et al. 1982a), th a t about 85% of the 
total ionisation events occur w ithin th is geometric setting. Therefore, the 
coplanar asym m etric (e,2e) m easurem ent has another advantage of high
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coincidence countrate. The following theoretical discussion refers mainly 
to the coplanar asym metric geometry.
2.3.1 Born approximations
The T-m atrix can be expressed in a Born series, as introduced in 
section 2.1 (eq. 2.5), provided it is convergent:
(2.32)
Tf o=(&-f (ka , kh,ef ) V  + VG0V  + VG0VG0V + - & : ( k a,k h,k 0) 
= ( ¥ -h k aIV + VG°V + VG°+■
w here y/^ and (pQ a re  the  ta rg e t continuum  and ground s ta te s , 
respectively. The, s ta tes of the  incident electron \k0) and the scattered  
electron \ka) are considered to be free from the scattering potential V  so 
they are trea ted  as plane waves. The in teraction  betw een the  ta rg e t 
electron and the ion core VTe is included in the targe t wavefunctions, so 
the scattering potential is V  = V PT +VPe. Using the first term  of eq. (2.32), 
the T-matrix is
Tfo = (v'Ä^al'^Pe 1^ 0 00 )• (2.33)
V PT vanishes due to orthogonality of different ta rge t sta tes. This is the 
First Born Approxim ation  (FBA). At high energy and large m omentum  
tran sfe r the ionised electron can be trea ted  in the  sam e way as the 
scattered  electron. W ith a factorisation approxim ation to eq. (2.33), it 
would be equivalent to the  im pulse approxim ation used for electron 
m om entum  spectroscopy s tu d ies  (eq. 2.14). The FBA is a good 
approxim ation  to explain  h igh  energy ion isation  phenom ena. An 
im portant resu lt from the FBA is th a t the differential cross section is 
cylindrically sym m etric w ith  respect to the  direction of m om entum  
transfer K , provided th a t the spin states of the incident electron and the 
target are degenerate (Klar and Fehr 1992). This is true  in the case of the 
high energy and large K  region (McCarthy and Weigold 1988). In the low 
and interm ediate energy range, the TDCS peak(s) is(are) not only observed 
in the direction K, where the momentum is mostly transferred  from the 
incident electron to the target electron, but also observed in the backward 
direction -K , w here the  m om entum  of the  incident electron can be 
qualitatively regarded as being transferred  to the ion. This backwards 
region is called the recoil region. The behaviour of the TDCS in this region 
reveals the im portan t inform ation of the ionisation in teraction  between
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the slow incoming electron, the ta rg e t electron and the recoil ion. The 
TDCS distribution in both the binary and recoil regions show th a t in the 
low or interm ediate energy range, the TDCS is no longer symm etric about 
the momentum  transfer direction K. This violates the validity of the FBA 
in the low and in term ediate  energy range. It is a strong sign of higher 
order effects in the scattering dynamics.
The triple differential cross section for atomic hydrogen w ithin the 
Second Born Approximation  (SBA) can be expressed as (Byron et al. 1980)
dkaanbaaa > (2 .34)
when only the direct scattering  is considered and f BA is the scattering  
am plitude of the first Born approxim ation. The second Born scattering  
am plitude is
where represents the interm ediate target states. The term  f B% can be 
understood as a rep resen ta tio n  of two separa te  in te rac tions of the  
incoming electron w ith the in teraction potential V. In the first step the 
target is excited into an interm ediate sta te  En (bound or continuum ) and 
the electron transfers a m omentum  k0 - k  to the target electron, and in 
the second step the  ta rg e t is ionised into the continuum  sta te  w ith 
m om entum  kb and the  m om entum  tran sfe r is k - k b. Since only the  
continuum  sta te  w ith electron momentum  kb can be detected, all possible 
in term ediate  sta tes m ust be summed over and all possible m om enta k 
m ust be integrated over.
The second Born approxim ation of Byron, Joachain  and P iraux  
(1980, 1982) has been applied to the ionisation of atomic hydrogen and 
helium  by electrons of in term ediate  energies, e.g. , Eo = 250, 500eV etc., 
(E h rh a rd t et al. 1982b, 1986). In the in term ediate  energy region, the 
calculations describe quite well the shifts of the b inary  and the  recoil 
peaks to larger angles, the asym m etry of the recoil peak and the ratios of 
the in tensitie s  of the  b inary  to recoil peaks for different sca tte rin g  
param eters .
1
(2.35)
k 2 — k% +2En - \ e
{ ¥ k bk a \ V \k ( P n l ) { ,P n l k \ V \ k J 0 ),
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2.3.2 Wavefunction approximations
The T-m atrix Born series (eq. 2.5) can be transform ed to the Born 
series of the three-body wavefunctions. If there  is a potential U in the 
scattering  potential which satisfies the Lippm ann-Schwinger approach, 
then the initial channel three-body wavefunction can be w ritten  as
0 * ( k o)) + G°UI 0 Z ( k o)) + G°UG°u\ < ( f e 0 )} +  ■
d-G^r1 0 +jk
(2.36a)
(2.36b)
The series (2.36a) for (k0)j is the Born series. Eq. (2.36b) expresses the 
transform ation of the plane wave state  {k0 )^ = | k 0, (f)0) into a distorted
wave sta te  ifr£ ( k 0)j by m eans of a distortion operator U. This is the
distorted wave approximation. W ith th is approxim ation the incident and 
scattered electrons can be described by "distorted-waves" Xk an d Xk >
respectively. The Xk0 is trea ted  analogous to the case of electron-atom
scattering . Since the  channel H am iltonian  contains a p a rt U of the 
interaction potential V", i.e.,
v  = u + w , (2.37)
the T-matrix element in the distorted-wave representation is
Tfo (2.38)
w here W  is a p a rt of the  in teraction  potential, V, tak ing  away the  
distortion p art U. In the case of scattering, it has been shown (Bray et al. 
1989) th a t the low-order approximations converge rapidly in the distorted- 
wave rep re sen ta tio n  w here a local, cen tra l po ten tia l U is used. A 
convenient definition of U is the ground-state average potential
U = {<to\W\<!>0), (2.39)
which cancels as m uch as possible of the noncentral potential V. This 
approach has been successfully applied to low energy elastic and inelastic 
scattering processes. However, for the electron-atom ionisation process in 
the low m omentum  transfer and low or in term ediate energy region, the 
Coulomb interactions of th ree  charged particles are of equal im portance 
in the final s ta te  and the  Coulomb boundary conditions are necessary. 
These final s ta te  boundary conditions have not been trea ted  correctly in 
this approach.
19
B rauner, Briggs and Klar (1989) (referred to as BBK) consider the 
sca ttering  am plitude w ith the em phasis on the final s ta te  three-body 
wavefunction, i.e.,
Tf0 = f ( k a,k b,£f)\VPT +VPe\(f)0k0^, (2.40)
where the wavefunction WJ for three charged particles is the product of 
the asymptotic forms for each of the three Coulomb two-body subsystem s. 
Therefore, it satisfies exact Coulomb boundary conditions. The form of 
th is  approxim ate wavefunction is
xFJ(ka , k b) = (2n)~3 N  exp(i kara + i kbr b)
(2.41)
• C (ccpp, ka , r a )C (ccep , kb , r b) C (ccpe , kab, r ab).
This is the B B K  approximation, where the Coulomb part (phase factors) of 
the  three-particle wavefunction is defined as
C ( a , k , r ) = r ( l - i a ) e x p ( -  — na)  1F 1( ic c ;l;- i(^ r  + kr)) ,  (2.42)
2
w ith
1
a PT - - ~ r ~ yK
^ ab 2 ^ a  ^’ r<:Lb ru -  r.
(2.43)
r a and r b denoting the positions of the target electron and the projectile 
electron w ith respect to the nucleus of m ass M T in the centre-of-m ass 
system, the norm alisation factor is
N  -  N ptN PeN Te, (2.44)
where N tj  = exp( - n  /2)T(  1 -  i a tj ).
This approxim ate approach is a very prom ising direction in calculating 
the  electron-atom ionisation process especially for the low energy region 
(Brauner et al. 1991).
2.3.3 Exchange effects
The reaction am plitude of the ionisation collision process should 
include three term s. Using the example of the electron-helium ionisation 
process as an illustration, these are (Schulz 1973),
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1) direct scattering:
f  = ( ¥ 7 (0 ,1 ,2)|V|<j£ (0,1,2)), (2.45)
2) exchange scattering:
^ = ( f 7 ( i ,o ,2 ) |y |0 o+(o>i,2 )}, (2.46)
3) capture scattering:
Ä = ( f 7 ( i , 2 , o ) | y K ( o , i , 2 ) } . (2.47)
where "0" is the incident electron, "1" and "2" denote the targe t electrons 
in the helium  atom.
In the electron ionisation collision the exchange effects become 
more and more im portan t as the incident energy is reduced from the 
in term ediate  energy to low energy region. Coplanar asym m etric (e,2e) 
m easurem ents have been carried out on hydrogen and helium  in the 
in term ediate  energy region (Lohmann et al. 1984; E hrhard t et al. 1982a, 
1985, 1986). Both the simplified second Born approach (SB2) and full 
eikonal series Born approach (EBS) can very well reproduce the binary 
and recoil peaks of hydrogen a t E0 = 250 eV. As it is shown in eq. (2.34), 
the  sim plified second Born approach only takes the direct scattering  
am plitude f  into account (Byron et al. 1980), while the fu rther developed 
Eikonal series Born approach includes the exchange am plitude g, and the 
th ird  term  of the  Born series (Byron et al. 1983). There is not much 
difference betw een these two approaches a t E0 -  250 eV. T his is an  
exam ple to ind icate  the  exchange term  has not m uch effect in the 
in te rm e d ia te  energy region. T heoretical calcu lations have show n 
(Phillips and McDowell 1973) th a t the contribution of the  exchange 
am plitude, g, (and the capture am plitude h, in the case of helium) to the 
trip le  differential cross section is about two orders of m agnitude lower 
th an  the direct scattering amplitude, f, in the interm ediate energy range.
The situa tion  is dram atically  changed as the incident energy is 
reduced. At an energy of E0 = 150 eV, the recoil peak is much bigger than  
the  b inary  peak  (E h rh ard t et al. 1986). The exchange of energy and 
angu lar m om entum  between the two outgoing electrons m ust be taken  
in to  account (K lar et al. 1986). As the incident energy is reduced to 
E0 =50eV , the  angular distribution of the TDCS is completely different 
(E hrhard t et al. 1972). There are no obvious peaks in the binary and recoil 
regions, and the minim um  between the binary and recoil regions fills up.
21
This is a strong indication of the im portance of exchange effects a t low 
energies. As the incident energy is low, the reaction tim e betw een the 
incoming electrons and the target electrons is much longer th an  th a t in 
the in term ediate  energy range. The exchange am plitude, which has a 
totally different angular dependence, becomes comparable w ith the direct 
scattering am plitude.
However, it is ra th e r difficult to see a clear picture of the exchange 
process when the  electron spin is degenerate. The development of spin 
polarised electron sources has opened a new dim ension to study the  
electron ionisation process. Baum  et al. (1985) proved the presence of 
substan tia l exchange contributions w ith their spin dependent to tal cross 
section m easurem ents. W ith both the polarised electron source and the 
(e,2e) technique, one is able to fully determ ine the collision kinem atic 
param eters and therefore, clearly present the ionisation collision process. 
These spin effects, including the exchange effect, are the m ajor topic of 
in terest in the current thesis.
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Part 2: Electron Polarisation Phenomena
2.4 Introduction
E lectron-atom  ion isation  process is m ainly  governed by the  
Coulomb forces betw een the  charged partic les. The sp in-dependent 
in te rac tions , such as the  spin-orbit and exchange in te rac tio n s are  
m asked  by th is  m uch s tro n g e r Coulomb in te rac tio n . W ith  the  
development of polarised electron sources and polarisation analysers, the 
study of these weak interactions has become possible.
Spin-dependent scattering  study has been carried out widely in 
elastic, inelastic, and superelastic  scattering  processes, experim entally  
and theoretically. The study of polarisation phenom ena in electron-atom  
ionisation processes is still in an early stage. In order to obtain a clear 
p ic tu re  of spin-effects in  electron-atom  ion isation  processes, i t  is 
worthwhile to review the common polarisation phenom ena in  electron- 
atom  collision processes by d isen tang ling  d ifferent sp in -dependen t 
interactions using the sim plest scattering  model. These spin-dependent 
interactions are generally classified by Kessler (1985, 1991) as
1. Spin-orbit interaction:
In electron collisions w ith high-Z targets , the  in teraction  betw een the 
orbital angular momentum  of the incident electron and its spin plays an 
im portan t role. The scattering  cross section is spin-dependent, and  the 
electron polarisation can be changed by the scattering process. This spin- 
orbit in teraction  has been widely investigated  in elastic and inelastic  
scattering events. As an im portant application in elastic scattering (Mott 
scattering), the  spin-dependent cross-section m easurem ents have been 
successfully used to determ ine the polarisation of an electron beam  (see 
section. 3.2).
2. Exchange interaction:
In general, the  exchange in te rac tion  exists in all electron collision 
processes. However, it is difficult to observe directly the exchange effect if 
the spin directions of the collision particles are random ly oriented. The 
sim plified scattering  model used here is th a t the both of the  collision 
particles are spin tagged and the spin-orbit interaction does not play a 
significant role.
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3. Fine-structure effect:
If the collision atom is not initially polarised, but the fine-structure states 
of tran sitions are  experim entally  resolvable, polarisation  phenom ena 
such as spin-up-down asym m etries are still observable for each fine- 
structure state. This is due to the interplay of fine-structure splitting with 
exchange process, called the “fine-structure effect”.
In the following sections, s ta rting  from the description of polarised 
electrons, the detailed description of these th ree  simplified polarisation 
phenom ena will be given. In  m ost electron-atom  collisions, spin- 
dependent interactions are entangled together. In the last section of th is 
chapter, the  u n d ers tan d in g  of combined polarisa tion  phenom ena in 
scattering  processes (elastic and inelastic  scattering) and ionisation 
process will be discussed.
2.5 Description of Polarised Electrons
The formal description of polarised electrons can be draw n from 
textbooks (e.g. Kessler 1985): the electron spin state  % is represented by the 
spin operator s = sxex + syey + szez in a ( ex ,ey ,ez) coordinate system  (see 
figure 2.2). The spin  opera to r sa tisfies the  com m utation re la tions 
characteristic of angular momenta:
[sx>s;y] Sx Sy  Sy Sx i hsz (etc. by cyclic perm utation). (2.48)
It has the re la tion  to the  Pauli operator o  of s = (h/2)o.  The Pauli 
matrices are usually defined as
"0 n 0 1 * • f l o N
— , 0"A. — , <7- =
a o,
’ y
V1 ° , 2 ^0 ~b
(2.49)
Therefore, one is able to define the spin sta te  as a linear superposition of 
two possible orientations of the electron spin:
/
where a
( i \
\ o ,
«1
and ß
+ 02
f ° l
(° ) a^a + a^ß, (2.50)
Since
l 0 N
,0 - b UJ +1- a  and azß
f l  o Y o )
0 -1 = - 1 /5 ,
(2.51)
a  and ß are two eigenfunctions of the spin operator <j z w ith  th e ir 
eigenvalues of +1 and - 1 ,  respectively. The state  a  is defined as "spin- 
up", the state  ß is as "spin-down" in the direction of ez .
Figure 2.2 The coordinate system (ex ,ey ,e2) for electron spin P (l).
One free electron is always in a pure spin s ta te  w ith  the 
probability |a-jj of finding the electron in the spin-up sta te  and possibility 
|a2|2 in the spin-down state. The state  % is assum ed to be normalised, i.e.,
N 2 + K |2 = l- (2.52)
The direction P {l) of this spin sta te  is defined by the angles of i) and <p in 
the (ex ,ey ,ez) coordination system as
—  = tan  — e1<p , (2.53)
ax 2
A / *\
or the opposite direction - P  .
A beam of polarised electrons contains electrons of different spin 
orientations. Suppose there  are N  electrons, each electron i has a spin 
state x^l\  its polarisation is defined by the operator a  as
P?ex + P<% + P(% , (2.54)
w here
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(2.55)
The statistical polarisation of these A/- electrons is
1 w ...
P  = — X P (i).
N i t
(2.56)
T aking its sim plest form by choosing the  direction of the  re su lta n t 
polarisation as ez , i.e., Px = Py = 0, it gives
P  = Pzez
N\
N ' Z  ’
(2.57)
where N *
i= l
2
and
i— 1
(2.58)
iV  ^ and N i  are the num bers of electrons in spin-up and spin-down states 
in ez direction over the total num ber of electrons N,  respectively. W ith the 
no rm alisa tion  condition, eq. (2.52), N  = N ^ + N ^ .  One ob ta ins the  
m agnitude of the polarisation as
P Nr^Ni
N r + N t '
(2.59)
This is the definition of the polarisation of an electron beam, which will be 
used frequently through the thesis.
2.6 Spin-Orbit Interaction
The Schrödinger equation of an electron in external electric and 
m agnetic fields E  and B  is expressed in atomic units ( fi = e = me = 1) as 
(Kessler 1985)
— (p + A / c)2 -  (p + —  o  B  — E  p +  ~q- a  (E x p)
_2 2c 4cz 4cz
= Wys,
(2.60)
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where i/a is the electron state, p  is the electron m om entum  operator, (f) 
and A  are the electric and m agnetic potentials, o  rep resen ts the  spin
n
operator, W + c is the total energy.
The first two term s on the left side of eq. (2.60) are identical to the 
Schrödinger equation w ithout considering the re la tiv istic  effects. The 
th ird  term  corresponds to the  in te rac tion  energy - p  B  betw een a 
m agnetic  dipole, whose m om ent is rep re sen ted  by th e  opera to r 
p  = -  (j/2c = - s / c , and the external magnetic field B.  The fourth term  is a 
relativistic correction to the energy and has no classical analogue.
The last term  corresponds to the spin-orbit coupling if the  electron 
is in collision w ith an atom. According to Maxwell's electrodynamics, the 
vectors of the electrom agnetic field depend on the reference system . An 
observer on an electron moving with velocity v relative to an electric field E  
finds a m agnetic field B ' = -c~lv x E  = c~l ( Ex  p) .  In  other words, in the 
electron rest frame, an electron moving relative to the electric field of an 
atomic nucleus experiences th is m agnetic field B ' . The energy of the 
electron, due to its m agnetic moment p,  in this field is
- p  B = - a - ( E x p ) .  
2c V ’
(2.61)
By changing the frame of reference, the time transform ation changes the 
precession frequency of the electron spin in the m agnetic field (Thomas 
precession). Thus, th is  term  becomes exactly the la s t te rm  in the  
Ham iltonian operator. It is called the spin-orbit potential Vso, as it arises 
from the interaction of the spin w ith the magnetic field produced by the 
orbital motion of the electron. In the event of electron-atom collision, the 
incident electron moves in the central Coulomb potential Vc(r) of the 
nucleus where E  = [dVc/ dr) (r / r ) , the spin-orbit potential is
V =y so
dV ^r 
4cz l dr r
x p 1 1 dVn
2c2 r
(s-l). (2.62)
It is noted th a t th is spin-orbit potential Vso, in the case of the  Coulomb 
potential, decreases more quickly with increasing distance r th an  does the 
Coulomb potential itse lf and can therefore be neglected a t fairly large 
d is tances from  th e  nucleus. Since the  Coulomb p o ten tia l Vc is 
proportional to the nuclear num ber Z of the atom, Vso is proportional to Z 
as well. The spin-orbit in teraction  is therefore im portan t for collisions 
w ith high-Z atoms.
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The spin-orbit interaction is very im portant in collision processes. 
For electrons of d ifferent spin s ta tes  th is spin-dependent sca tte rin g  
potential Vso causes a difference in the differential sca tte rin g  cross 
sections. Because Vso is due to the interaction of the m agnetic field B', 
upon the magnetic moment of incident electron, it affects the electron spin 
orientation as well. Scattering param eters, f '  = \ f ' \ e yx and g' -  \g'\eiy<1, 
are used to define these spin-dependent collision processes (the prim es 
are used to distinguish different param eters from those of the exchange 
in teraction). They include the scattering  am plitudes \f'\, \g'\ and  the  
phase  difference Y\~Y2- T hese th ree  p a ram ete rs  are  no t d irec t 
experim en tal observables. However, the  m easu rem en ts of electron 
polarisation and cross section are able to reveal the inform ation on spin- 
orbit in teraction. In the following example, a polarised electron beam 
being elastically  scattered  from a spinless atomic beam, the  physical 
relations between experim ental observables and param eters \f'\, \g'\ and 
Yi -  72 can be determ ined completely.
F igu re 2.3 Components of an arb itrary  initial polarisation P . k  and k'  
are the electron wave vectors before and after scattering.
2.6.1 Behaviour of the polarisation in scattering
The incident and scattered  electrons have m om enta k  and  k \  
respectively. The in itial polarisation of an electron beam is P = Pn+ Pp , 
where Pn is the component perpendicular to the scattering plane (k , k ') 
and Pp is the component th a t lies w ithin the scattering plane (see figure 
2.3). After elastic scattering  by a spinless atomic beam , the  scattered  
electron obtains a polarisation (e.g., Kessler 1991)
[Pn +S(6)}n + T(e)Pp + U m n x P p) 
1 +PnS(6)
(2.63)
w here
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: f V '  ~ f  VS(0) = i
/|2 I _,i2
l/f+l*,|2
, T (0) irr-k / y * + r V
i/f+i*/|2
, C/(0) =
l/f+l*/|2 ’
(2.64)
and h  = { k x  k')/\k x fc'| is a unit vector normal to the scattering plane.
The sc a tte r in g  does not only change the m agn itude  of the  
polarisation but also the direction. The vector component S ( 9 ) n  is added 
to Pnhy perpendicular to the  scattering  plane. The component in the 
sca ttering  plane is reduced from P p to T { 6 ) P p ( |T |< 1  by definition). 
There is an additional component, in the direction perpendicular to its 
o rig ina l p lane (P n ,P p ), de te rm ined  by U(d)  in  th e  f in a l s ta te  
polarisation. All of these components are modified by the common factor 
1 + PnS(9) .  The key point in  changing the  po larisa tion  du ring  the  
scattering  is determ ined by the spin-flip am plitude, g ' , as one can see 
from eq. (2.64), i f g '  = 0, S  = U = 0, T = 1 so tha t P '  -  P .
If the incident electron is unpolarised, P = 0, the final polarisation 
is not zero,
P' s (f l ) A = - w | r (yl2~/ 2 ) ” -
i / i
(2.65)
The scattering  process can produce polarised electrons, the direction is 
norm al to the scattering  plane. This m agnitude of polarisation, S(0),  is 
called the Sherm an function.
2.6.2 Spin-dependence of the differential cross section
The spin-dependence of the cross section can be w ritten  in the form 
of the initial polarisation P, and the Sherm an function S(6)  as
o  (9,(p) = cr0(9)[ l+S(Q)P-n], (2.66)
w here
<7O(0) = foO(e,cp)ä<P = (2.67)
It is noted th a t only the polarisation vector perpendicular to the scattering 
plane, i.e., Pn = P n, contributes to the asym m etry of the scattering cross 
section. By reversing the initial polarisation, P —» -P , the cross section is 
changed. Defining = G(0,(p,Pn) and cr^  = G(0,(p,-Pn) , the asym m etry 
of the cross sections is
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A _ — Zk  = PnS(e) .  . (2.68)
CJT +  (J |
By m easuring the cross section asym m etry A and the Sherm an function 
S(Q),  one is able to obtain the initial polarisation Pn. This is the basic idea 
of analysing electron polarisation by Mott polarimetry (see chapter 3).
Thus the complete set of observables yielding the maximum possible 
inform ation  for the  electron-atom  elastic  sca ttering  process is: the  
differential cross section cr(6,(p), the Sherm an function S(9),  T{6)  and 
U(6).  The three param eters in eq. (2.64) are not independent, i.e.,
S 2 + T 2 +U2 = 1. (2.69)
Therefore, the complete set of observables corresponds to the  complete 
information of three variables |/‘/|,|g '|, and y{ -  y'2.
2.7 Exchange
In section 2.3, th ree  different scattering  processes are m entioned 
for ionisation collisions, they are: the direct scattering process (2.45); the 
exchange scattering process, where the em itted and scattered continuum  
electrons are exchanged (2.46); the capture scattering process (only for 
atoms w ith more th an  one valence electron), where two ta rge t electrons 
are em itted and the incident electron is captured (2.47). Three respective 
sca ttering  am plitudes, f  = \f\e1Yl, g  = |g|e1/2, and h, are to rep resen t 
these th ree  collision processes. The exchange am plitude tends to be 
im portan t a t low im pact energy. G enerally  speaking, the  exchange 
process could happen in any collision event, however, only w ith  the 
polarised beam  techniques can the exchange process be thoroughly  
studied.
To illu s tra te  the exchange effect, a sim plified elastic scattering  
model is applied. The collision atom is supposed to be a light, one valence 
electron atom  (e.g. , hydrogen, alkalis), and the im pact energy is low. 
Hence the  spin-orbit in terac tion  in the  scattering  is negligible. Two 
electrons, the incident electron and the valence electron, are involved in 
the collision so th a t only the direct and exchange (between the incident 
and  valence electrons) processes are  considered here, th e  cap tu re  
am plitude h is neglected.
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Assum ing th a t the in itial directions of the polarised electron and 
atom are parallel or an tipara lle l to each other, the possible direct and 
exchange transitions are illustrated.
Process A m plitude Cross section
e T + A 4 - -> e T + A 4- f \ f t (2.70)
e t + A l ^ e i + A t ~ g \ g f , (2.71)
e t  +AT —> e T +A T f ~ g \ f - g \ 2 > (2.72)
e l + A t  -» e l + A t f i f f , (2.73)
e i + A t  e t  +A l ~ g K (2.74)
6 4- + a 4- —^ 6 4* + A 4' f ~ g \ f - g \ 2 - (2.75)
In these reactions eT and e l  rep resen t the  spin-up and spin-down 
electrons, respectively, A t  and A l  are for the respective spin-up and 
spin-down collision target. Equations (2.70), (2.71), and (2.72) are reactions 
for spin-up incident electrons, while the other th ree  are for spin-down 
incident electrons. There are couple of m ethods for investigating  the 
exchange in te rac tio n  in the  collision, depending on experim en ta l 
conditions. One can e ither prepare  spin polarised incident electrons, 
in itially  polarised atom s, or both, for the collision. In investigating the 
final s ta te , one can e ither m easure the  spin-dependence of the  cross 
section, analyse the spin polarisation of the outgoing electrons, or the 
polarisation of the final target. Choosing the general case: the incident 
electron has the  po larisa tion  of P e and  the  in itia l ta rg e t has the  
polarisation of P a, the spin-dependent elastic scattering cross section and 
the final electron polarisation are given by (Kessler 1991),
c r ( Q )  =  <j 0 1 + P e  P a f i
1 G °  J J
►' _  v
p a +
2 A
p e _ i fe-.-  f  g P e x P a
y
i  + p e p a\  \flM'
(2.77)
where <j 0 is the cross section for unpolarised electron scattering  from an 
unpolarised atom, which is defined as
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° 0  =  2 I f f  + 2 \st +W -  sf  = W  + gf + \ \ f  -  gf ■ (2.78)
2.7.1 Spin-dependence of the differential cross section
If only the  incident electrons are polarised, the cross section is 
given from the transitions (2.70) to (2.72) for spin-up incident electrons 
or from the transitions (2.73) to (2.75) for spin-down incident electrons o^. 
It is easy to see th a t th is spin-dependent cross section, <7^  or cr ,^ is the 
same as the cross section for unpolarised electrons <J0 in eq. (2.78). Eq. 
(2.76) further illustra tes tha t, unlike the case of spin-orbit interaction, the 
cross section here no longer depends on the orientation of the scattering 
plane. Instead, it depends on the direction of atomic polarisation P a. Only 
the electron polarisation component along the direction of P a contributes 
to the spin-dependent cross section. The spin-dependence of the  cross 
section is only subject to the fact th a t both the collision atom and electron 
are initially polarised. The relative cross section difference for scattering  
w ith antiparallel T i  ( P e ■ P a < 0) and parallel T T ( Pe • Pa > 0) spins is
~  ° t t  
+  °TT
Pe pas_. (2.79)
where SA is the norm alised spin asym m etry for exchange interaction. It 
is
fg +fg* _ |/’llglcos(y1-y 2) _ \f  + g f - \ f  -  g f  
2cro |f
(2.80)
When the exchange am plitude is zero, i.e. ^  = 0, it is obvious th a t 
SA = 0, no spin-up-down asym m etry will be observed.
2.7.2 Behaviour of the polarisation in scattering
Eq. (2.77) i llu s tra te s  how the  exchange process affects the  
polarisation. Again the scattering  plane does not play a role in the final 
electron polarisation, and it is replaced by the direction of the  atomic 
polarisation.
If the target atom is unpolarised, P a = 0, one has, from eq. (2.77),
V y
(2.81)
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The final polarisation keeps the same direction of the incident electron 
po larisation . B ut since 0 < l - | ^ |2/cr0 < 1, the  m agnitude of the  final 
polarisation  is reduced because of the exchange process betw een the 
incident electrons and valence electrons.
If the incident electron beam is unpolarised, the outgoing electrons 
could be polarised from the electron-electron exchange w ith a polarised 
target. From eq. (2.77) it is
(2.82)
c\
W hen the exchange am plitude is zero, i.e. g  = 0, one has cr0 =\f\ 
and P'e = P e, from eqs. (2.76) and (2.77). The polarisation transfer from the 
polarised ta rg e t is lost in th is expression. In the other extrem e, f  = 0, 
only the exchange process happens in the collision, then  one has P'e = P a. 
The scattered electron beam has the original target polarisation since all 
of the em itted electrons were originally target electrons.
Besides the final polarisation components in the direction of P e and 
Pa, there is an additional term  out of the original plane (Pe , P a). From 
eq. (2.77), this term  is in the direction normal to the (Pe, P a ) plane. The 
condition of having th is term  is th a t the electron polarisation P e is neither 
parallel nor antiparallel to the direction of Pa. With eq. (2.77) th is term  is
- i —----  x
2 a ( 0 )  e
|/1 |g |s in (ri-r2)
cr(0) Pe x Pa
(2.83)
So far, the direct and exchange am plitudes f  and g  can be obtained 
by m easurem ent of both the cross section and polarisation. By cross 
section m easurem ents of o0 and the asym m etry SA , one obtains the 
m agnitudes of \f\ and |g| (from eqs. 2.78 and 2.80). Furtherm ore, the 
m easurem ents of final polarisation components, e ither in the  direction 
P e or the direction P a , and the th ird  direction Pe x P a, is sufficient to get 
the phase difference |y i - y 2|. Thus complete inform ation about the direct 
and exchange processes for elastic scattering can be determined.
2.8 The Fine-Structure Effect
From eq. (2.79) it seems th a t for exchange in teraction , the  spin 
asym m etry SA is observable only when both the scattering electron and 
the ta rge t are in itially  polarised and have the polarisation components
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along the same direction (parallel or antiparallel). This is not necessarily 
true if the fine-structure of the target atom is resolvable.
To explain th is phenomenon it is necessary to point out th a t the 
excitation process m ay resu lt in an orientation of the orbital angular 
m om entum  of the  re su lta n t excited atomic sta te . This o rien tation  is 
caused by the electron-electron Coulomb interaction which, in general, is 
different for excitation of s ta te s  w ith  positive and negative orbital 
orientation perpendicular to the scattering plane. Many experim ents and 
theories have established th is collisional orientation for the electron-atom 
excitation process (e.g., Anderson et al. 1988).
DETECTOR
q
F igure 2.4 Angular momentum orientation in P0 excitation (taken from 
Kessler 1991).
Assume th a t one has the situation depicted in figure 2.4. We choose 
a light atom, such as helium , as an exam ple to illu s tra te  the  fine- 
s truc tu re  effect since spin effects from the spin-orbit in terac tion  are 
negligible (section 2.6). The helium  is excited from 1 *S0 sta te  to 2 P0 
states by the incident electron beam. The energy resolution of the detection 
system is assum ed to be good enough to resolve the fine-structure, say the 
2 P0 configuration of helium . Since the  final s ta te  2 P0 has orbital 
m om entum  orientation, the  perpendicular component (L±)n is in the 
range of -  ft < (Lj_) < +h, where h  is a unit vector normal to the scattering 
plane. This orbital angu lar m om entum  orientation affects the  electron 
spin o rien tation  of the  atom  if LS coupling holds. For the  sake of 
sim plicity, assum ing th a t  in a collision the  2 P0 s ta te  is completely 
oriented, say (L± ) = +h. For 23P0 s ta te , J  = L  + S  = 0, so th e  sp in  
orientation of the atom is opposite to the direction of L , i.e., (S± )n = -hn.  
The final s ta te  of helium  2 P0 is therefore spin-down, denoted as He
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(23P0 i ) .  Because of the spin conservation law, the electron excitation of 
He (1 Sq) —> He(2 P0) is only allowed for exchange scattering process. For 
spin-up incident electron e~ T, no transition  is allowed to form the final 
atomic state  of He (23P0 1). For spin-down incident electron e~ 1, the only 
transition  allowed is
e" l  + H e d ^ o )  -4 e~ T+He(23P0-l). (2.84)
Therefore, the scattering cross section for exciting the fine-structure state
q
2 P 0 is different w ith spin-up and spin-down incident electrons. The spin 
up-down asym m etry is defined as
( j (T )-o -( l)  
ö"(T) + ö'(X) ’ (2.85)
where cr(T) and cr(>U) correspond to the scattering  cross sections w ith 
spin-up and spin-down incident electrons, respectively. In  the  special 
case of (L±) = +h, <r(T) = 0, so th a t A  = -1. In general cases, the orbital 
angular orientation is (L± )n,  and the spin up-down asym m etry is
A = -(L±)/n = (S±)/n (2.86)
q
for excitation of He(2 P0). This simple picture explains the polarisation 
m echanism  as a cooperative resu lt of exchange sca tte rin g  and LS 
coupling of the atom. Details of the “fine-structure effect” are given by eg. , 
Hanne (1983), Bartschat (1992).
The essential condition for the m anifestation of the fine-structure 
effect is th a t  the  fine-structure  s ta tes  are experim entally  resolvable. 
W ithout th is condition, no spin-up-down asym m etry will be observed in 
electron-atom collisions with unpolarised atoms, as has been explained in 
section 2.7.
So far the  th ree  sim plest po larisa tion  phenom ena have been 
discussed. These polarisa tion  phenom ena are based on two original 
m echanism s, one is the spin-orbit interaction, the other is the exchange 
interaction. The exchange effect cannot be directly observed unless one (at 
least one) of the collision particles is polarised. The polarisation of the 
in itia l ta rg e t  can be fulfilled e ith e r in  an  "artific ial" way, say 
experim en ta lly  po larising  the  ta rg e t, or by using  the  collisional 
m om entum  orientation in terplaying w ith the spin-orbit coupling w ithin 
each fine-structure  sta te  of the target. The form er is the conventional 
exchange effect, the la ter is called the fine-structure effect.
2.9 Polarisation Phenomena Driven From Collision Processes
Spin-dependent phenomena have been widely studied in elastic and 
inelastic  scattering  collisions. Considerable understand ing  of the  spin 
effects have been extracted from these scattering collisions (see Kessler 
1991). For ionisation collisions, however, two continuum  electrons are 
em itted in the final state, and it is more difficult for both experim entalists 
and  th eo re tic ian s to collect and  analyse  d a ta  for sp in -dependen t 
in teractions.
2.9.1 Elastic and inelastic scattering processes
There are lots of different ways of investigating  spin effects in 
elastic and inelastic  scattering  processes, for instance, using in itia lly  
polarised incident electrons and/or a polarised targe t; analysing  the 
polarisation of scattered electrons and/or scattered target; analysing the 
asym m etries of the  sca ttering  cross section, etc. M any review s, for 
instance, Anderson et al. (1988), Kessler (1991), give the details of such 
work. For the understand ing  of the polarisation phenom ena extracted 
from the xenon (e,2e) experim ent in the next chapter, spin-dependent 
inform ation on first excited sta tes of heavy atom s, such as m ercury 
(Z  = 80) and xenon (Z  = 54), are of importance.
Intensive study of the heavy atom, mercury, has been carried out 
for more than  25 years. By studying the polarisation of scattered electrons 
(Franz et al. 1982), the electron polarisation transferred from the incident 
electrons (Hanne 1976), the spin-up-down asym m etries (Borgmann et al. 
1987, Diimmler et al. 1990) for different fine-structure sta tes, it is found 
th a t both the spin-orbit and exchange interactions are im portant for the 
sca tte rin g  process, even a t very low im pact energy. The exchange 
in teraction  tends to be more im portant when the in teraction  energy is 
decreased. But even a t very low energies (e.g. , E0 = 6 .5eV ), spin effects 
cannot be explained by the relative simple exchange-based fine-structure 
effect discussed for helium in section 2.8. This indicates the LS coupling is 
no longer a good approxim ation for heavy m ercury atoms. The spin-orbit 
interaction of the bound electrons is not negligible.
Very recently , an  electron-photon coincidence experim ent w ith  
polarised electrons and xenon atoms has been carried out (U hrig et al. 
1994). There is some evidence th a t both the spin-orbit in teraction of the 
continuum  electrons and exchange, in conjunction w ith a strong spin- 
orbit in terac tion  of the  ta rg e t electrons, play a role in the  observed
36
polarisation phenom ena. The spin-orbit interaction of the entire system, 
including the targe t electrons and the free electrons, is not negligible for 
inelastic  scattering  w ith xenon atoms even a t very low im pact energies 
(<25eV). The in term ediate  coupling scheme can be used to describe the 
xenon atoms as,
0(3P i) = a(f)Ls(3Pi) -  ßtpLS^Pi) > (2.87a)
(pC'Pi) = ßfpLs^P ;l) + a(j)LS{lP  i), (2.87b)
where the subscript LS denotes pure LS coupling states, a  and ß are the 
interm ediate-coupling coefficients ( a  = -0.645 and ß = 0.764 taken  from 
Becker et al. 1992). The singlet and trip let sta tes are completely mixed. 
Therefore, spin  effects cannot be sim ply classified as the  spin-orbit 
interaction and the exchange interaction, the interference between these 
two interactions is also im portant.
2.9.2 Ionisation processes
The study of spin effects in electron-atom ionisation is a t an in itial 
stage because of the experim ental difficulties-in m easuring the ionisation 
cross section, especially the triple differential cross section. The spin-up- 
down asym m etry of the total-ionisation cross section has been m easured 
for hydrogen (Gay et al. 1982; Fletcher et al. 1985, Crowe et al. 1990), the 
alkali atoms, e.g., lithium , sodium, potassium  (Baum et al. 1985), cesium 
(Baum et al. 1993), and m etastable He (23S e) (Baum et al. 1989). It is found 
th a t for the light atoms the exchange interaction has a pronounced effect 
in the ionisation cross sections from threshold up to an energy about ten 
tim es the threshold energy. In these m easurem ents, the incident electron 
and atom  are both polarised, along the same or opposite directions. The 
total ionisation cross section is obtained by observing the ion count rates, 
an d  N for respec tive ly  a n tip a ra lle l  and  p a ra lle l sp in  
configurations of the electron and atom beams. The spin asym m etry is
1 N n -  
PePa ^ n +Nn
( 2 .88)
This form ula is the  sam e as the  exchange asym m etry  for elastic  
scattering (eq. 2.79). Since the target atoms are hydrogen and alkalis, they 
are all one valence-electron atoms. The incident electron and the valence 
electron form the two-electron states, expressed as the singlet s ta te  and
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the trip let state. The count rates N ^ i  and N ^  are related  to the  singlet 
and trip let cross sections by (Baum et al. 1985)
N- oc CJj- and N n  x  - ( ^ S  + aT^- (2.89)
Then the asym metry is given by A j = (crs -  <jt )/(<j s +3<j t ), where the total 
ionisation cross section is ^((7S + 3<j t ). The asym m etry is therefore a 
re la tive  m easure  of sing let and tr ip le t contributions, w here A/ = 1 
corresponds to pure singlet ionisation and Aj = to pure triplet.
For all of the above targets it was found th a t A j > 0 a t all energies 
and, after reaching a certain  maximum, A/ decreased steadily to zero as 
the im pact energy increased. The shape and m agnitude of A/ are very 
sim ilar for hydrogen and light alkalis (lithium  and sodium). For the 
heavy alkalis (potassium  and cesium), however, the m agnitudes of A/ are 
m uch lower a t all energies. For potassium , A/ exhib its irreg u la r 
behaviour in shape near threshold which cannot yet be explained.
To understand  the ionisation process, the best way is to probe the 
triple differential cross section, i.e., the (e,2e) cross section. The low count 
ra te  of the (e,2e) coincidence signal and the low density  of the  spin 
polarised electron beam  m ake the spin-dependent study of (e,2e) cross 
sections very difficult. The spin-up-down asym m etry m easurem ents for 
triple differential cross section of lithium  were reported by Baum  et al. 
(1992). In their experim ent, both the electron beam and the ground state  
lithium  beam are polarised, as in the experim ent of Baum et al. (1985). 
The coplanar sym m etric geometry was used w ith the  incident energy 
E0 = 54.4 eV, Ea = Eb = 24.5 eV, 0a =45°. By scanning 0b a t forward 
angles (35° to 80°), large positive spin asym m etries are observed. At 
6b = 45°, the two outgoing electrons are detected under exactly the same 
conditions. This enforced spatial sym m etry of the wavefunction has the 
consequence th a t  only antisym m etric spin sta tes are allowed and th is 
m eans pure singlet scattering corresponding to A/ = 1. In the experim ent 
near-unity  asym m etry was obtained a t 6b = 45°, which confirm ed th a t 
only the singlet sta te  cross section, erg, contributes to the spin asymmetry. 
A distorted-wave Born approximation has been applied to the calculation 
of the asym m etry values for lithium  (Zhang et al., 1992). After convoluting 
the  calcu lated  asym m etry  values w ith  the  experim en ta l a n g u la r 
resolution, the agreem ent between the theoretical and the experim ental 
results are quite good.
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Very recently  the investigation of spin-orbit in teraction  in (e,2e) 
collisions with K shell electrons in silver atoms (Z = 47) has been reported 
(Prinz et al. 1995). A transverse ly  polarised electron beam  w ith the 
incident energy of 300 keV, and coplanar asym m etric kinem atics have 
been used. This experim ent is designed to look for a spin asym m etry 
caused by the spin-orbit in teraction of the continuum  electrons in the 
Coulomb field of the atomic nucleus. Spin-up-down asym m etries of up to 
16% have been found in the recoil region, whereas the asym m etry is close 
to zero in the binary region.
Since a la rg e  num ber of e lastic  and  in e las tic  sc a tte r in g  
experim ents had  verified the obvious exchange effects, in conjunction 
w ith fine-structure sta tes, in heavy atoms (e.g. , Düm m ler et al. 1990), 
Hanne (1992) conjectured th a t the fine-structure effects could also occur in 
ionisation processes. Very recently the study of spin effects in electron 
impact ionisation has been carried out in our laboratories using coplanar 
asym m etric geometry (G ranitza et al. 1993, Guo et al. 1995). The targe t 
atom  is the  heavy ra re  gas, xenon. W ith good experim ental energy 
resolution, the fine-structure levels 5 Py2 and 5 P3/2 of the ionic ground 
sta tes are resolved. Large spin up-down asym m etries are observed in 
transitions to these two fine-structure levels. Details of th is study of the 
electron-xenon ionisation process will be presented in chapter 4.
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Chapter 3
Experimental Considerations
3.1 Introduction
For the first time a polarised electron source and Mott polarim eter 
have been used in an (e,2e) scattering experim ent on xenon. A description 
of the experim ental apparatus used for the  investigation of polarisation 
phenom ena in (e,2e) collisions w ith xenon atoms will be given here. The 
apparatus for the second experiment, the laser-assisted (e,2e) experiment 
with sodium atoms, will be briefly described in chapter 5.
The whole experim ental system  consists of a polarised electron 
gun, a (e,2e) scattering chamber and a M ott polarim eter. During the first 
stage of the experim ent, the polarised electron gun and the scattering  
cham ber were tested  separately . The M ott polarim eter was connected 
directly to the polarised electron gun to check the polarisation of the beam. 
After each part of the equipm ent was optim ally adjusted, the polarised 
electron gun is connected direct to the scattering cham ber as a source of 
the incident beam, and the M ott detector is moved to the exit of the 
sca tte rin g  cham ber to enable th e  sc a tte rin g  experim ents and the  
m e a su re m e n t of th e  e lec tro n  beam  p o la r isa tio n  to be done 
simultaneously. Figure 3.1 shows the side view of the whole experimental 
setup.
The polarised electron gun consists of a source cham ber containing 
the GaAs crystal source, and a differential pum ping cham ber containing 
some of the beam transport optics. A detailed description of the vacuum 
system , optical pum ping system, negative electron affinity (NEA) GaAs 
crystal, photoem ission process, electron beam  tran sp o rt optics, and
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discussions of the electron beam  polarisation will be presented in the 
following section.
To check the  po larisa tion  of the  electron beam , a compact, 
re ta rd in g -p o ten tia l M ott p o larim eter is em ployed in th e  p resen t 
experim ents. A description of the Mott polarim eter, its performance, and 
a discussion of the  polarisa tion  m easurem ents will be p resen ted  in 
section 3.3.
A description of the scattering  cham ber, vacuum system , electron 
spectrom eters, coincidence m easurem ents and discussions of the  energy 
resolution will be given in section 3.4.
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3.2 Polarised Electron Gun
.
3.2.1 Survey of polarised electron sources
There are m any applications of polarised electron sources. These 
include, for instance, investigations on electronic properties of m agnetic 
and non-m agnetic solid-state surfaces and th in  films (Kolac et al. 1988, 
Ciccacci et al. 1992), studies of spin effects in electron-atom  collision 
processes in atomic physics (e.g. , M cClelland et al. 1989, H anne 1992, 
etc.), studies of parity  violating neu tra l cu rren t interactions in  nuclear 
physics and high energy physics (Prescott et al. 1978, H artm ann  et al. 
1990).
To meet the increased requirem ent on polarised electron sources in 
various research areas, improved sources have been developed in the past 
fifteen years. These sources exploit a va rie ty  of physical processes 
including chem i-ionisation of optically oriented He (22 3 456S) atoms in a He 
afterglow (Hodge et al. 1979a), the Fano effect in Rb (von Drachenfels et al.
1977) and Cs (W ainwright et al. 1978), photoionisation of polarised Li 
atom s (Alguard et al. 1979), field emission from W-EuS tips (Kisker et al.
1978) , photoemission from the ferrom agnetic crystal EuO (Garwin et al. 
1974), and photoemission from GaAs and GaAsi_xPx (Pierce et al. 1980).
In order to compare the various sources with each other, one needs 
to estab lish  common c rite ria  for a ssessing  perform ance. G enerally  
speaking, the im portant performance criteria are as follows:
(1) The electron spin polarisation, Pe, which is defined as
Pe = (iV| - N ^)/(N ^  + N ^), (3.1)
w here N  ^ and N  ^ are the respective num bers of electrons w ith spin 
m agnetic moments parallel and anti-parallel to a preferred direction.
(2) Electron intensity, I.
(3) Figure of m erit, P ^ I . This is a m easure of the sta tistical accuracy 
which can be achieved in an asym m etry m easurem ent.
(4) Polarisation reversal method.
(5) Energy spread, AE ( a t beam energy Eo ).
(6) Em ittance, e ( a t beam energy Eo ), which defines the collimation of 
the electron beam (Wainwright et al. 1978).
T
able 3.1 C
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Some typical polarisation sources are sum m arised and compared 
in table 3.1. Before the discovery of the Fano effect, much effort was put 
into polarising an atomic beam first, and then  photoionising the electrons 
of the polarised atoms, hence producing polarised electrons. The typical 
experim ent was carried out w ith a longitudinally polarised 6Li atomic 
beam, produced by a six-pole m agnet (Hodge et al. 1979a), and polarisation 
fractions of up to 85% were obtained. The big disadvantages of th is method 
are th a t it is ra ther complicated to form and polarise an atomic beam by a 
six-pole m agnet, it is a ra th e r slow process to reverse the electron spin 
direction by reversing the magnetic field direction, and furtherm ore, the 
presence of a strong magnetic field in the source region not only increases 
the em ittance of the beam, but also produces significant changes in beam 
in tensity  and position if the field is reversed in order to reverse the 
electron polarisation.
The discovery of the  Fano effect opened up the possibility  of 
obtain ing  polarised electrons w ith  m uch less effort by photoionising 
unpolarised atoms. Typical system s include photoionisation of Cs and Rb 
with circularly polarised light (von Drachenfels et al. 1977, W ainwright et 
al. 19787- The optical method of polarisation reversal, which is used in the 
Fano effect as well as in the other sources utilising circularly polarised 
light, is less likely to result in variation of the beam properties. Moreover, 
the polarisation may be easily reversed and m odulated: if the quarter- 
wave p late  ro ta tes a t a frequency co, the  polarisa tion  is m odulated 
sinusoidally a t 2co. This is a great advantage for all experim ents where 
small asym m etries are to be m easured and where drifts may easily cause 
system atic errors.
Optical polarisation reversal is also possible in a source based on 
collisional ionisation in an  optically-pumped helium  discharge. W ith th is 
m ethod large polarisation is obtained in the afterglow of the discharge. 
This has been utilised to develop an efficient polarised electron source 
(Hodge et al. 1979a). Table 3.1 shows th a t th is source can provide a narrow 
energy spread of less th an  0.15 eV, which is a great advantage in high 
reso lu tion  experim ents. From  ano ther aspect, however, the  electron 
polarisation decreases considerably when the beam current is over 2 pA. 
So the performance of the source is restricted , compared w ith the GaAs 
crystal source which will be described in detail later.
High polarisation and a sm all energy width can be obtained from 
ferro-m agnetic sources, such as photoemission from EuO crystal (Garwin
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et dl. 1974). A pulsed source w ith a polarisation up to 61% has been 
achieved. Another example is field emission from W-EuS ( K isker et dl. 
1978 ). In this experiment, the general commercial tungsten tip is used as 
an  electron em itter. W ith critical annealing, a stoichiometric crystalline 
EuS layer can be obtained; the interface of such a layer on tungsten acts as 
a sp in  filte r below the  EuS C urie tem p era tu re . The perform ance 
characteristics of very high polarisation, sm all energy w idth and very 
sm all em ittance  are  achievable (tab le  3.1). The d isadvan tages of 
ferrom agnetic sources are low emission curren t which lim its the figure 
of m erit, and the magnetic field reversal method.
From  1974, a new type of spin po larisa tion  source based on 
photoemission from GaAs was proposed (Garwin et al. 1974). A num ber of 
GaAs sources, including the te rn a ry  compound G aAsi.xP x which has a 
band structure sim ilar to th a t of GaAs, have been reported since then (eg., 
Pierce et al. 1980, Tang et al. 1986, Kolac et al. 1988, Ciccacci et al. 1992, 
etc.). A typical example is given in table 3.1. A polarisation of 43% was 
achieved. The sign of the spin could be rapidly and easily reversed by the 
optical polarisation reversal m ethod. By lowering the electron affinity 
through surface trea tm en t an intense electron beam may be obtained. For 
a "conventional" GaAs crystal the theoretical m axim um  value of the 
po larisa tion  is 50% (section 3.2.4). Because of some depo larisation  
processes, the real value is usually lower th a t 50%. Very recently, a kind 
of specially trea ted  GaAs crystal, s tra ined  GaAs, has been developed 
(N akanishi et al. 1991). The valence band of strained  GaAs is no longer 
degenerate. The splitting of the valence band makes it possible to achieve a 
theoretical polarisation of 100%. Some groups have already observed 87% 
polarised electrons from stra ined  GaAs crystal (N akanishi et al. 1991; 
Aoyagi et al. 1992) and applied the  highly polarised beam  to rea l 
experiments (Baum 1993).
I ts  advan tageous perform ance c h a ra c te ris tic s  include h igh  
brightness, narrow  energy spread, a very favourable figure of m erit as 
well as the great potential of high polarisation. The GaAs photoemission 
source has proved to be the most powerful source of polarised electrons. 
The principles th a t  govern the operation of GaAs polarised electron 
sources have been described in a num ber of papers, w ith the  g rea test 
detail appearing in the reports of Pierce et al. (1976, 1980) and Drouhin et 
a l. (1985). In  th e  p re se n t ex p erim en ts , a GaAs (u n s tra in e d )  
photoemission source is used (figure 3.2). It is sim ilar in design to th a t of 
the NIST group (Pierce et al. 1980).
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3.2.2 Apparatus
A schematic view of the polarised electron gun is shown in figure 
3.2. It includes the GaAs photoem ission source and the electron beam 
transpo rt system.
The GaAs photocathode and some electron optical elem ents are in 
the  so-called source chamber. Cleaning, activating and m ain tain ing  the 
GaAs photocathode requires u ltra  high vacuum  (UHV), in the low 10-10 
Torr range. To dynamically isolate the photocathode from possible high 
gas pressure in the scattering cham ber, a chamber w ith an independent 
pum ping u n it is connected in betw een the  source cham ber and the  
scattering chamber. It is called the differential chamber. The pressure in 
the differential chamber can be kept in the low Uh8 Torr range when the 
pressure  in the scattering  cham ber is in 10'6 Torr range. The source 
cham ber and the differential cham ber are connected by a long, narrow  
cylinder w ith an isolation valve in between. The inner d iam eter of the 
cylinder is about 18 mm and the total distance from the source chamber to 
the differential cham ber is about 500 mm.  Therefore, the conductance 
between the differential chamber and the source chamber is very low. The 
pressure of the source cham ber can be kept in the low IO-10 Torr range 
when every other part of the system is under normal operating conditions. 
The isolation valve is bakeable up to 200°C. W hen other p a rts  of the  
equipm ent are worked on, the source cham ber can be isolated to a safe 
UHV. This isolation valve can also be floated to +1000 V, as a p a rt of the 
electron transport system when the valve is open.
A six-way stainless-steel cross is used as the source chamber. Each 
cylinder form ing the cham ber is 95 m m  in diam eter. The cham ber is 
pum ped by an ion pump and a titan ium  sublim ation pump to keep the 
base pressure of the source chamber near 1 x IO-10 Torr.
The GaAs sample holder is positioned by a m anipulator m ounted 
on the top flange of the chamber, which allows the GaAs to be retracted  
for activation. The m anipulator also has the capability for sm all la tera l 
motions and tilt, in order to position the GaAs source in front of the  
electron optics assembly. The electron optics is mounted independently on 
one of the side flanges.
The GaAs crystal is clamped against a commercial h ea te r block 
which can be rad ia tive ly  heated  by a filam ent. The tem p era tu re  is
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m onitored by a therm ocouple, spot-welded to the heating  block. This 
assembly is attached by a long ceramic rod to the m anipulator.
A commercial cesium dispenser is m ounted about 4 mm in front of 
the  GaAs crystal surface. It is used as a pure cesium source during  
activa tion . By passing  cu rren t th rough  the  cesium  d ispenser, the  
dispenser is heated up and produces cesium vapour in the chamber. By 
varying the current, one is able to control the cesium pressure during 
activation.
Research grade oxygen in a glass flask is attached to the cham ber 
through a shutoff valve and a variable leak valve. This part is not shown 
in figure 3.2. Oxygen is introduced into the cham ber and then  diffused to 
the  surface of the crystal during activation  so th a t  it can produce a 
uniform layer of O2 on the crystal.
The in itia l electron po larisa tion  from GaAs photocathode is 
longitudinal. In order to change the direction of the electron beam but not 
the spin direction, a 90° spherical electrostatic deflector is used, thereby 
giving the transversely  polarised electron beam required for the present 
experim ent.
A laser optical pumping system built up on a special rail is attached 
to the bottom flange of the source chamber. The laser light passes through 
a UHV window on the bottom flange and the 90° spherical deflector to 
illum inate the surface of photocathode.
The differential cham ber is a cylindrical vessel w ith 162 m m  in 
diam eter and 162 m m  in height. A high energy electron optics assembly is 
m ounted in the differential cham ber. A turbo pump and a m echanical
_Q
pump is used to pump the cham ber to a base pressure of about 3 x 10 
Torr. Since there is no gate valve between the differential chamber and the 
sc a tte rin g  cham ber, a 4-ram  -in n er-d iam ete r and  4 -ra ra - th ic k n e s s  
apertu re  is used to keep the pressure of the differential cham ber two 
orders of m agnitude lower than  th a t of the scattering chamber.
To pum p the whole system , the  d ifferen tial cham ber and the  
scattering  cham ber are pumped sim ultaneously w ith the isolation valve 
open. Usually it takes about two hours to pump the differential cham ber
_Q _ 0
and sca tte rin g  cham ber to the  10 T o r r  an d  10 Torr  r a n g e ,
—7respectively. As the pressure in the source chamber passes into the ~ 10 
Torr  range, the  ion pump in the  source cham ber s ta r ts  to pump. To
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achieve the necessary u ltrah igh  vacuum, the source chamber is baked for 
about two days a t ~200°C. The bakeout may be a source of contamination to 
the GaAs surface, therefore, the crystal is heated to ~300°C by the crystal 
heater during bakeout.
3.2.3 Optical pumping system
A GaAlAs injection laser in CW mode is used as the light source for 
the polarised electron gun. The operation wavelength of 780 nm  is used to 
photoexcite electrons to ju s t above the photothreshold of GaAs. The optical 
arrangem ent used with the diode laser is shown in figure 3.3.
GaAs
I-
UHV source 
chamber
<
optional position 
for LP2
I L < A / 4  LPi
plate
GaAlAs 
laser diode
F igu re  3.3 The arrangem ent of the optics to provide a focused beam of 
circularly  polarised light on the  GaAs cathode using a GaAlAs laser 
diode.
Circularly polarised light is generated by using a linear polariser 
(L P i) and a quarte r wave plate (A/4 plate). After passing through the 
linear polariser (LPi), the light has a linear polarisation g rea ter th an  
99%. The quarter wave plate is carefully located and selected so th a t the 
ro ta tio n  of the  p la te  does not sh ift the  ligh t beam  on the  GaAs 
photocathode surface. To focus the laser light on the GaAs surface, two 
lenses (Li, L2) are used. One is ju s t in front of the diode laser, the other is 
set after the quarter wave plate. In the source chamber, the laser light 
passes through the 90° deflector. The entrance and exit apertu res in the 
deflector are 2 m m  and 1 m m  in d iam eter respectively. The light spot 
h itting  the crystal is less than  1 m m  in diameter.
As the q u a rte r wave plate ro ta tes, the polarisation of the light 
changes from rig h t circu larly  polarised  to lin ear to left c ircu larly  
polarised, to linear, etc. The degree of circular polarisation of the light is 
readily m easured w ith a second linear polariser (LP2) and a photodiode.
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W ith the first linear polariser and the quarter wave plate fixed, the second
m inim um  in ten sity  on the  photodiode are noted. The degree of
circular polarisation Pcp is
w here the  assum ption has been m ade th a t  the  linear polarisers are 
perfect. A circular polarisation of about 99% is achieved. The handedness 
can be determ ined from the position of the  fast axis. T raditionally  in 
optics, r ig h t circular po larisa tion  m eans the  electric vector ro ta tes  
clockwise as seen by an observer facing the light. In particle physics, the 
helicity is defined by the particle angular momentum  with respect to the 
particle momentum; positive helicity photons correspond to left circularly 
polarised light in the traditional optics definition (Pierce et al. 1980). This 
is useful to note when determ ining the sign of the spin polarisation of the 
photoelectron in the following section.
3.2.4 Spin polarisation
The energy bands described here are restric ted  to the unstra ined  
GaAs crystal which are quite well known (see Chelikowsky and Cohen 
1974; 1976). Relevant E(k)  curves along two principal symmetry axes of the 
Brillouin zone are shown in figure 3.4. The symmetry point r is defined by 
k  = 0 (centre of the Brillouin zone). At th is point GaAs has its m inim um  
band separation Eg = 1.52 eV. The wave functions a t r  are known to be of 
the p-type for the valence bands and of the s-type for the conduction band. 
The essen tia l factor in obtaining polarised electrons is the  spin-orbit 
sp litting  of the p  band a t r  into a fourfold degenerate P3/2 level and a 
twofold degenerate P y 2 level which lies z l= 0 .3 4  eV lower th an  P 3/2 
(Aspnes and S tudna 1973). For photon energies Hco>Eg -i-A, tran sitions 
betw een P3/2 —» S y 2 and P y 2 —■> S y 2 are  possible. For Eg <hco<Eg + A, 
only transitions between P3/2 -» S y 2 are possible. These transitions are 
indicated on the right of figure 3.4.
The wavefunctions of all the relevant states are as follows
lin e a r  po larise r is ro ta ted . The m axim um  in ten sity  Jmax and  the
(3.2)
(3.3)
2Sy2,mj = - ± )  = \F(rWw) ,
2P3/2>mj  = + f )  =
(3.4)
(3.5)
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2^ 3/2 >m j  ~  ~  f) = | ^ 3 ( r ) ^ l , - l ) >
3/2 >m j  = +  2 ) =  a/ |  I ^ 3 ( r ) a ^ l , 0 /  +  l / | - |  ^ 3 ^ r ) ^ l , l ) »  
^ 3/2 >m j  =  “ 2 ) =  V ?l ^ 3 1,0 ) ~l" V ? I ^ 3 1, - 1} ,
2P y 2 , m j  =  + | )  =  ^ | - | i ri ( r ) a y i >o } - ^ | | i r i ( r ) ^ y i>1^ ,
2P i/2 ,m 7- = - l )  = ^ | F i ( r )^ i >0) - A/ | | F i ( r ) « y i j_1}.
(3.6)
(3.7)
(3.8)
(3.9)
(3.10)
The spin functions a  = Q j  and ß = ^ J ,  representing the spin components
in the z direction, are +1/2 and -1 /2  respectively. Y lm(6,(()) denote the 
spherical harm onics. F(r), F i(r)  and F%(r) denote the radial parts  of the 
wavefunctions of the 2*Si/2 , 2P i/2 and 2P 3/2 states, respectively. F\(r) and 
F%(r) are generally different since the radial parts of the H am iltonians 
th a t resu lt in the 2P i/2 or 2P 3/2 sta tes differ in the sign of the spin-orbit 
coupling potential (^m~2c~2 ^ (1/r)(dV/ dr)(l ■ s), the scalar product I s being
negative for j  = \  and positive for j  = .
F igure 3.4 The energy bands in the GaAs near the centre of the Brillounin 
zone ( r  point) are shown a t the left of the figure. On the right, the allowed 
transitions for c ~-excitation are shown (taken from Kessler 1985).
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If the sample is irrad iated  w ith o~ light then, due to the selection 
rule, only transitions w ith Am - r r \ -  m3 -  +1 are allowed, where i and j  
refer to the *S1/2 and P  states; th a t is, transitions 1, 2 and 3 in figure 3.4 
are allowed. The direction of light propagation is defined as z, consistent 
w ith  th e  d e fin itio n  in  c h a p te r  2. U sin g  R 1 = (F ( r ) |r |F 1(r)}, 
R3 = (F ( r ) |r |F 3(r)), and the dipole operator x + i y  of left-hand circularly 
polarised light cr", one is able to get the m atrix  elements for transitions 1, 
2 and 3 as follows:
(3.11)
(3.12)
(3.13)
— V2 p 
3 ^ 3  •
^1 -  ( 2S y 2 >mi -  -  2 I* + iy\ 2^ 3/2 >171 j  -  ~ 2 ) 
= (F(r)ßY0>0\x + iy \F 3(r)ßYl _1)
= _ V I jR3 ,’
=  ( 2S v 2 >mi = + - ^  X  + i y  2P y 2 , m j  =  ~  2 )
x+i  yF (r )a Y 00 
= + 3 R l ’
&3 =  ( 2S\J2’mi ~  +  2
F i i r M ß Y ^ - J i a Y ^
x + ly 2P3/2’mj  -  “ 2
\ F ( r ) a Y 0fi x + i y F3( r M ß Y xo + ^ C c Y ^
Therefore, the respective wavefunctions of electrons which have made the 
transitions 1, 2 and 3 are
l^i) -  W 2S y 2,mi -^ p 3 |F (r) /JY 0>o}> (3.14)
\Xi) -  bi\2Sy2’mi -  +  2 )  _  § ^ i | r ( r ) a Y 0>o)> 
\X3 ) = b3\2S U2,m i =+^) = - f R 3\F(r)aY0fi).
(3.15)
(3.16)
The density m atrix  of a final s ta te  from transition  i is p, = > so the
density m atrices from transition 1, 2 and 3 are
Pi = C
'Q 0 ' ' 2 r \  o' ( Ro 0 )
,0  3 i? | y> P2 ~ C V 0 0,
and p3 = C
l o  o j
(3.17)
where C = | |F ( r ) F c
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To calculate the polarisation of the electron m ixture which arises from 
the photoionisation of the normal GaAs crystal, the density m atrix  of the 
mixed state  is the sum of the m atrices in eq. (3.17).
p -  Pi + p2 + p3 C 2 rI+r£
3 r!
(3.18)
The polarisation component P; is given by P; = tr{p<jj}/ tr{p} (Kessler 
1985). For photoelectrons collected over all angles, one should average P; 
over all angles. In th is  averaging, the  po larisa tion  values m ust be 
weighted with the corresponding in tensities 7, th a t is
p  _ JJ/Pj sin 6d6d(p 
JJI  sin 6d6d(p
(3.19)
Because the spherical harm onics in the m atrices are all in the order of 
zero, it is easy to see th a t P; for each direction is angle-independent, 
therefore, Px and Py vanish. From the form PZ = [ N ^ - N \ ^ / [ N ^  + N^ j  
= tr{pcrz} / tr{p} of the  po larisa tion , it can be seen th a t  tr{p} is 
proportional to the intensity of the photoelectrons. Therefore, one obtains
P = P Z =P Z
Rj  | R{  (3.20)
P i + 2 Pg P i + 2 Pg
The first term  of eq. (3.20) is due to transitions 1 and 3. For the photon 
energy hco -  Eg,  only these two transitions occur in the photoionisation 
process. Hence the  expected electron polarisa tion  for tran s itio n  I a t 
threshold  is P  = -0.5, corresponding to the first term  of eq. (3.20) (with 
P i  = 0). As long as the photon energy ftco < (Eg + A), the polarisation does 
not change very much; the transitions still occur close to the P  point so 
th a t the  wave functions are sim ilar. As the photon energy hco > (Eg + A) 
eV, transition  2 from the P 1/2 s ta te  becomes possible which on its own 
yields a polarisation +1, corresponding to the  second term  of eq. (3.20) 
(with P 3 =0). Neglecting slight differences of the radial m atrix  elem ents 
P i  and Pg from P1/2 and Pg/2, the total polarisation given by eq. (3.20) for all 
three transitions is P  = 0, th a t is, the polarisation of transitions 1 and 3 is 
completely cancelled by transition 2.
To avoid the cancellation of the polarisation from transition  2, it is 
im portant to use photons near threshold energy Eg so as to approach the 
th eo re tica l po larisa tio n  m axim um  of 50%. However, none of the
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experim ental polarisation m easurem ents using this type of source have 
reached th is theoretical m axim um  since there  are some depolarisation 
processes involved. In  the present experim ent, the polarisation value of 
about 24% has been m easured by a Mott polarim eter (detailed in section 
3.3). The depolarisation processes will be discussed later.
Normally, electrons excited to the bottom of the conduction band 
shown in figure 3.4 cannot escape unless the vacuum  level of the 
GaAs crystal is lowered to give a negative electron affinity (NEA) surface. 
The surface trea tm en t required to achieve this is now discussed.
3.2.5 Photoem ission from NEA surfaces
The [110], [100], [111]B and [111]A faces of a p-type GaAs can be 
activated to have negative electron affinity. There are quite a few review 
reports of the application of these NEA GaAs as photoem itters, (see Bell 
1973, Spicer 1977, E rbudak and Reihl 1978). In the present experim ents, 
the [100] face of the NEA GaAs is used. Comparing the operation of these 
different NEA GaAs faces, the NEA GaAs [100] face has the advantages of 
higher polarisation and higher emission intensity (Pierce et al 1980).
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F igure 3.5 Energy bands near the surface (E vs Z) in  p-type GaAs w ith 
different surface treatm ents: (a) Clean GaAs with a high electron affinity; 
(b) GaAs w ith a layer of Cs, leading to an approxim ately zero electron 
affinity  for electrons in  the  conduction band; (c) GaAs w ith  C s-0 
treatm ent to produce a negative electron affinity (taken from Pierce et al. 
1976).
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The electron affinity of a clean GaAs surface is about 4 eV. The 
depth of the region from which the electrons escape is determ ined by the 
m ean free path  for electron-electron scattering and is of the order of 10 Ä. 
Electron scattering with optical phonons still lim its the m ean free path  of 
the  excited electron to the order of 100 A (Pierce 1976). Since the
o
penetration  depth of the light is m uch greater th an  100 A, an  excited 
electron can be scattered m any times and lose sufficient energy so as to be 
below the vacuum level.
Clearly it is desirable to lower the vacuum level as far as possible. 
Scheer and van L aar found it was possible to reduce the electron affinity 
from the ~4 eV of a clean GaAs surface (see figure 3.5(a)) to about zero (see 
figure 3.5(b)) by applying Cs to p-type GaAs (Scheer and van Laar, 1965). 
The Cs gives up an electron and a dipole layer is formed. If the GaAs 
surface is covered w ith layers of both cesium and oxygen, it is possible to 
achieve negative electron affin ity  w ith  respect to electrons in the  
conduction band, as in figure 3.5(c).
The key feature of NEA for electrons in the conduction band is th a t 
the  photoelectron escape depth is now lim ited by the probability  of 
recom bination of the therm alised conduction electrons w ith valence-band 
holes. In other words, the  escape depth corresponds to the diffusion 
length for therm alised electrons (~104 A) ra th e r than  to the hot-electron 
sca tte ring  length  (~102 A). The photocurrent from an NEA em itter is 
therefore much larger than  from the same em itter w ithout NEA.
3.2.6 Preparation of NEA GaAs photocathode
To prepare a NEA GaAs photocathode, one m ust first prepare a 
clean GaAs surface. For different GaAs surfaces, there are different ways 
of cleaning them . The [110] surface is the cleavage plane. A polarised 
electron source using a crystal cleaved in u ltra  high vacuum to obtain the 
[110] surface has been reported by Erbudak and Reihl (1978). To clean a 
[100] surface, as in the present situation, it is essential to chemically etch 
the crystal ju s t before placing it in vacuum . The crystal can either be 
etched by applying an extensive method proposed by Pierce et al (1980) or 
by simply cleaning them  in ammonia. In the  p resent experim ents, the 
la tte r method is applied. It has been shown th a t the quality of the em itter 
depends more on the origin of the crystal than  on the cleaning procedure 
used (Kolac et al 1988). After the etching process, the crystal is quickly 
installed into the source chamber and the system evacuated to IO-10 Torr.
In the crystal p reparation  process, the  crystal is always kept in the
V
re tracted  position about 2 cm from the front aperture of the extraction 
electron optics. The crystal is then  heated  gradually  up to 690°C. The 
heating tem perature used by us is a bit higher than  the heating standard  
recommended in literatures (Kolac et al 1988, Pierce et al 1980). This could 
be due to the different conditions of therm al conductance in each crystal­
heating  system , as well as different tem pera tu re  m easuring points in 
different source systems.
After the GaAs crystal is cooled to less th a t 50°C, it is ready for 
activation. A typical result of the activation process is illustrated in figure 
3.6, where the photocurrent is plotted as a function of time. Figure 3.6(a) 
shows the  resu lt from an experim ent w ith  a low stand-by cesiation 
current on. The source chamber pressure a t the s ta rt point is usually less 
than  2 x IO-10 Torr. At first, a current of 6 A is passed through the cesium 
dispenser, and the photoelectron current is monitored while the crystal is 
illum inated by the GaAlAs laser diode a t 0.8 mW. Typically, w ithin 10 
m inutes, a rapidly rising photocurrent is observed. The cesiation current 
is then reduced to ~3.5 A. The emission curren t gradually increases to a 
m axim um  of 47 pA and then  s ta r ts  to drop. At th is point, oxygen is 
allowed to en ter the system  through a leak valve, while the cesiation 
current is still kept a t a stand-by level of about 2.5A. The long counting 
tim es required  in the  (e, 2e) m easu rem en ts m eans th a t  it is very 
im portant to achieve a long lifetim e, stab le  electron beam current a t a 
reasonable cu rren t level. U nder the  influence of low-level continuous 
cesiation, the crystal lifetime increases considerably.. This is consistent 
w ith observations made elsewhere (Tang et al 1986, Guo et al 1990). The 
photocurrent can be kept w ithin the 20 pA - 30 pA range for more th an  
one week, u n til th e  GaAs su rface  is too con tam ina ted  by the  
accum ulating cesiation or the cesium dispenser is empty. Figure 3.6(b) 
shows the  activation perform ance w ithou t the  low stand-by cesiation 
current on. It tu rns out th a t the photocurrent drops rapidly in the absence 
of any additional cesium deposition. The lifetim e of the photocurrent is 
only about 4 hrs.
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F igu re 3.6 Typical performance of the Cs-02 activation on GaAs surface 
(a) with and (b) without the low cesiation stand-by current.
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3.2.7 Electron transport optics
In the present (e,2e) m easurem ents, the task  of the electron optical 
system  is to ex tract the electrons from the photocathode, deflect the 
electron beam  to the horizontal direction w ithout changing the  spin 
direction, accelerate the electrons to a transm ission energy of 1000 eV 
through the isolation valve and the differential chamber, decelerate to the 
final experim ental energy and eventually produce a parallel, small-sized 
electron beam w ith kinetic energy Vc as requ ired  for the  sca tte ring  
experim ents, w ith an energy spread as sm all as possible. The overall 
electron optics are illustra ted  in figure 3.7. The upper part of figure 3.7 
shows the electron optics from the photocathode to the entrance of the 
scattering chamber, and the lower part of figure 3.7 shows the optics from 
the entrance of the scattering chamber to the interaction region.
A field-free in te rac tion  region is essen tia l to keep conditions 
constant for m easurem ents at different angles. All parts of the interaction 
region and the last lens of the electron optics are kept a t ground potential. 
Therefore, the photocathode potential Vc determines the electron energy at 
the interaction region. The potential of all lens elements, with exception of 
the last two lenses, are kept constant relative to the cathode potential in 
order to m aintain  the image conditions during an energy scan. The total 
distance between the photocathode and the interaction region is about 1.2 
m ,  which is fairly long for electron beam transport. All of the  electron 
optical system  is shielded by p-m etal and all stainless-steel elem ents of 
the beam  tran sp o rt are dem agnetised to m inim ise the m agnetic field. 
Despite the overall m agnetic screening, it is very im portant to m inim ise 
disturbances of the electron beam due to stray  magnetic fields by choosing 
a high transm ission energy in the lens system.
P ho toe lec trons leav ing  th e  cathode a re  acce lera ted  in  an  
approxim ately uniform field to a 4-mm hole in the extraction aperture a t a 
potential of 250 eV, corresponding to the pass energy of the spherical 
deflector. This pass energy was chosen to m inim ise d ispersion and 
m axim ise the transm ission  of the electron beam. The object and image 
focal points of the 90° spherical deflector are a t the  entrance and exit 
planes, respectively (Purcell 1938). According to the calculation of Pierce 
et al. (1980), the beam is injected into the deflector as a low divergence 
beam, appearing to come from a v irtual cathode 3 mm behind the actual 
em itting  surface. The real image which serves as the object for the
F
igure 3.7 A
 detailed schem
atic of the electron transport from
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s the electron optics from
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ber to the entrance of the scattering cham
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s the lenses 
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ber to interaction region. A
ll voltage values are w
ith respect to the cathode voltage V
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.
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subsequen t beam  tran sp o rt and  focusing system  is form ed several
fir
centim etres from the exit plane of the deflector.
The accelerating and decelerating lens elem ents in figure 3.7 are 
equal-diam eter b ipotential lenses, w here the  cylinders in each lens are 
spaced one-tenth of the  lens d iam eter from each other. The focusing 
properties of a general, equal-diam eter bipotential lens can be found in the 
lite ra tu re  for a large range of voltage ratios from 1.1 to 10000 for both 
accelerating and decelerating modes (DiChio et al. 1974). Two curren t 
m easuring  ap ertu res  indicated  in figure 3.7 are  used to guide the  
adjustm ent of the beam. The las t two lenses of the electron gun give a 
nom inal 3 : 1 change in the electron energy of the beam and produce a 
parallel beam to the interaction region. The coupling between the region 
where the electron energy is independent of the beam energy at the target 
and the region of variable energy requires a fixed-focus, variable-energy 
optical system . A so-called "neck-lens" principle is applied here. This 
principle is based on the  fact th a t  for a range of voltage ratios in a 
bipotential lens, a specifically selected object-image relationship  can be 
m a in ta in ed  (DiChio et al. 1974). By vary ing  the  voltages on the  
decelerating lenses, a fixed focus condition is achieved when the cathode 
voltage range of Vc = -50 V to Vc = -200 V is applied. A dual Faraday cup, 
w ith a 3 mm diam eter inner cylinder and 6 mm outer cylinder, is set at 
ground potential and located 35 mm dow nstream  from the in teraction 
region. In the p resen t experim ent w ith Vc = -147 V, the best curren t 
obtained is 4.1 pA to the inner cup out of the total Faraday cup current of 
5.5 pA. This was achieved with an emission current of 15.5 pA.
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Figure 3.8 The side view (a) and top view (b) of the compact spherical 
retarding-potential polarim eter.
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3.3. Electron Polarimeter
3.3.1 Introduction
W ith the rapid  growth in the num ber of the electron-polarisation 
experim ents, electron po larim etry  has also developed quickly. M ott 
scattering  is considered the s tandard  technique for electron polarim etry 
(Gay and D unning 1992). I t h as very h igh  efficiency and re la tive  
com pactness, and  hence h as been  used  w idely in  analy sing  the  
p o la risa tio n  of e lec tron  beam s. O th e r  m ethods, such  as th e  
m easurem ents of the circular polarisation of im pact radiation produced 
by polarised electrons (Goeke and Kessler 1987, Uhrig et al. 1989, etc.), can 
be used to calibrate the m easurem ents of the Mott polarimetry.
M ott p o la rim e te rs  can be c lassified  as conventional M ott 
polarim eters, ß - fay polarim eters, retarding-potential Mott polarim eters, 
low energy diffuse scattering Mott polarim eters and m ercury-vapour Mott 
polarim eters. These have been described in g rea t detail by Gay and 
D unning in th e ir recent review article (Gay and Dunning, 1992). The 
retarding-potential Mott polarim eters, which have the advantages of high 
efficiency and accuracy and relative compactness, have been developed in 
m any research groups (Hodge et al. 1979b, Gray et al. 1984, etc.). In these 
retarding-potential polarim eters, the incident electrons are accelerated by 
an electric field estab lished  betw een two concentric electrodes. The 
electrodes can be in cylindrical, spherical, or conical geom etries. The 
spherical retarding-potential polarim eter, schem atically shown in figure 
3.8, is employed in the present experiment.
3.3.2 Principles
"Mott scattering" involves large-angle elastic scattering  of high- 
energy electrons by high-Z atom s. I t was first proposed by M ott for 
creating and analysing polarised electrons (Mott 1932, 1965). The physical 
basis of M ott scattering  has been explained in section 2.6. The spin- 
dependent scattering  cross section is cr(0) = 7(0)[l + *S(#)P-n] (i.e ., eq. 
2.66), where n  = ( k x k ' ) / \ k x k ' \  is a un it vector norm al to the scattering 
plane.
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F igure 3.9 Double scattering experiment.
To illustra te  the spin-dependent scattering, a well known "double 
scattering  experiment", is schem atically illu stra ted  in figure 3.9 (Mott 
1932). In this double scattering experiment, an unpolarised electron beam 
is initially scattered at high energies from a high-Z nuclei target beam or 
foil. The scattered electrons at angle > 90 j, to the left of the incident
beam, are used as the incident electrons of the second scattering. is 
norm al to the scattering plane. This incident unpolarised electron beam 
can be considered as comprising equal num bers of electrons w ith spin 
parallel and antiparallel to i.e., w ith spin-up T (m s = + 1/2) and spin- 
down i  (ms = -1 /2 ) . From eq. (2.66), the respective num bers of spin-up 
and spin-down electrons scattered (to the left) through angle 6  ^ are
N^. = 7 ( l+ £ (0 1))^  (3.21)
^ = 7(1- 5 «?!)) (3.22)
7 is a constant sca ttering  in tensity  a t 6^. These electrons scattered  
through have a net polarisation given by
m ) ATT- ^Nr + Nx S(0i)
(3.23)
or, in vector notation , P (0 X) = S'(01)/i1. Scattering  of these polarised 
electrons from a second target results in a left-right scattering asym metry 
A(62) defined as
A(02)
N l - N r 
N l + N r
(3.24)
where N L and N R are the num bers of electrons scattered to the left and 
right, respectively, through angle 02- If  th e first and second scattering  
events are coplanar, then
N L = i ( d 2) ( i + S ( e 2)P(e1)) 
N R = n e 2) ( i - S ( e 2)P(e1))
Substitution in eq. (3.24) yields
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(3.25)
(3.26)
A(62) = S( e2)P(e1) (3.27)
So far, the description of the double scattering experiment above can 
be sum m arised as:
1. Scattering  as a polariser: A beam th a t is originally unpolarised 
ob ta ins the  p o la risa tio n  P(Q) = S(Q)h from sc a tte r in g , i . e . ,  the  
polarisation is determ ined by the asym metry function.
2. Scattering  as an  analyser: The left-right asym m etry A  observed 
w ith  the  sca tte ring  of a polarised beam, which has a polarisa tion  P 
perpendicular to the scattering plane, is also determined by S(6)  and has 
the form A(6)  = P S (6). This relation forms the basis of M ott electron 
polarim etry.
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F igu re  3.10 Sherm an function for high-energy electron scattering  from 
gold (taken from Kessler 1985).
The asym m etry functions S(6)  for high-energy electron scattering 
have been extensively calculated by Sherm an and for th is reason S(0)  is 
usually referred to as the Sherm an function ( Sherm an 1956, 1959, and 
1963). Figure 3.10 shows the Sherm an function S(6)  for scattering  from 
gold nuclei in the region where scattering by the Coulomb potential is a 
very good approxim ation (Motz et al. 1964). It can be seen th a t w ith 
suitable electron energies and large scattering angle, polarisations of up
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to 50% occur when an unpolarised beam  is scattered by gold. (Actually 
th is  was the first m ethod used to provide polarised electron beam s. 
Because it is very difficult to reverse the beam polarisation in the same 
direction, it was not formally used as a polarised electron source so th a t it 
was not included in the source description in section 3.2.). The sizeable 
values of S(0)  also imply th a t the left-right asym m etry in scattering  of 
polarised electrons is easily detectable. Such appreciable values occur only 
w ith elements having high atomic num bers, like gold (Z = 79); Thallium  ( 
Z  = 81), since only then is the spin-orbit coupling potential Vso prom inent 
in the scattering processes to evoke significant spin effects.
The theoretical value of the Sherm an function S(6)  is calculated 
from single scattering  by one atom. Real ta rge t foils contain so m any 
atoms th a t plural scattering and m ultiple scattering w ithin the target foil 
m ust be considered. Generally, m ultiple scattering is defined to be a small 
num ber of large-angle scattering and plural scattering is defined to be a 
large num ber of small-angle scattering (Boersch et al. 1971). From figure 
3.10, the  Sherm an function (for gold) a t sm all angles (< 90°) is m uch 
sm aller th an  th a t a t larger angles (> 120°). For example, the Sherm an 
function a t 120 keV for 40° scattering  is only -0.014 w hereas for 120° 
scattering it is -0.4. Thus electrons after three 40° elastic scattering events 
have significantly sm aller asym m etry compared w ith those 120° single 
scattered electrons. Therefore, the effective Sherm an function S e^ ( 6 )  is 
lower th an  those calculated for single atom  scattering; the th icker the 
target foil is, the more S e^ ( 0 )  will be reduced. Thus the effective Sherm an 
function needs to be calibrated. This problem will be considered in detail 
in section 3.3.4.
In the m easurem ents of the scattering asym m etries A,  large values 
of the effective Sherm an function Seff(0)  are desirable. But unfortunately, 
the scattering cross sections a t these angles, where the Sherm an function 
is large, are always sm all ( see K essler 1969). Thus the sca tte ring  
in ten sitie s  I  a t these angles are small. In th a t case one has to find a 
compromise betw een high Seff(Q) and high in tensity  I  to improve the 
s ta tis t ic s  of the  m easu rem en t. Since the  m easu red  asym m etry  
A = ( N l - N r ) / (Nl + N r ) = PSeff,  th e  e rro r  of th e  p o la r is a tio n  
m easurem ent for a given Se^  (i.e. ignoring errors in determ ining Seff) is
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where the error AA of the m easured asym m etry is expressed in term s of 
the errors of the individual m easurem ents ANL and ANR, from the law of 
propagation of errors. For the errors ANif the statistical errors ^[N- have 
been substituted. Letting N L + N R = N  one obtains
AA 4N rN l 
N 3
(3.29)
and
(3.30)
W ith the Mott detectors used in practice, the effective Sherm an functions 
are not very large so th a t ]/»S^ > 10P 2. Thus
AP = (3.31)
since the num ber of scattered electrons N  is proportional to the scattering 
in tensity  I. In order to m ake the sta tis tica l error as small as possible, 
S^ffl  should be chosen as large as possible. As I  also depends on the 
incident in tensity  I o, it is reasonable to use the quantity  S ^ I / I q as a 
figure of m erit when comparing different M ott detectors. The scattering 
angle 6 = 120° is chosen in the current Mott polarim eter to be the electron 
sca ttering  angle for left-right asym m etry m easurem ents as there  is a 
broad m axim um  in the Sherm an function around th is angle.
3.3.3 Spherical retarding-potential polarimeter
In the current experiment, a compact spherical retarding-potential 
polarim eter is used and shown in figure 3.8. The operating pressure of 
the M ott polarim eter, which is pum ped by a turbo pump, is in the lO 8 
Torr range. The cham ber is connected to the  end of the  sca tte ring
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cham ber with a m etal-seal valve so th a t the two chambers can be operated 
separately  when it is necessary. D uring the polarisation m easurem ents 
the incident electron beam from the source is m aintained at the transport 
energy £’0 = lkeV , righ t through the scattering  cham ber to the M ott 
polarim eter.
The outer sphere of the M ott polarim eter is operated a t ground 
potential and the inner sphere, which is highly polished, is m ounted on a 
high voltage insulator and is typically operated between 20 and 60 keV. 
The voltage of the inner sphere is lim ited by the size of the spheres. The 
maximum voltage can reach up to 100 keV but, as the voltage is increased 
above 70 keV, breakdown between the two spheres often occurs producing 
noise in the electron detectors. Four electron detectors are employed, 
located horizontally and vertically on the outer sphere at 120° w ith respect 
to the incident beam, so th a t both vertical and horizontal components of 
the electron transverse polarisation can be determ ined sim ultaneously. A 
foil holder is set in the centre of the two spheres. It can be moved vertically 
w ith a linear feedthrough outside the chamber. The position of the foils 
can be precisely determ ined from the scale on the linear feedthrough. 
Three ta rg e t foils of different th ickness and a m esh w ith fluorescent 
m ateria l are located in the foil holder. The fluorescence m esh is used to 
visually check the alignm ent of the beam. Gold foil is chosen to be the 
ta rg e t foil not only because it has a high Z  ( = 79 ) and hence a large 
Sherm an function S,  bu t also it is non-reactive and easy to fabricate in 
th in  films which reduces m ultiple and plural scattering. Up to now, the 
polarisation m easurem ents are based on a gold foil with a thickness of 100 
nm. Another two, th inner, foils (50 nm and 25 nm) have been installed  
and fu rther m easurem ents are in progress.
The incident electrons, accelerated and focused by the electric field 
established betw een the two spheres, im pact on the gold ta rge t a t the 
centre. Then those electrons scattered through ± 120° exit the inner sphere 
and are decelerated as they pass again to the outer sphere. Scattered  
electrons w ith sufficient energy to overcome the re ta rd in g  field are  
detected by two symmetrically positioned electron detectors. The retard ing  
analysers are used as the electron detectors in the present system. They 
comprise a grounded entrance mesh to shield the retard ing  field from the 
inner and outer spheres, a retard ing  potential mesh w ith voltage VR and 
a dual m icrochannel plate detector as an electron counter. The variable 
voltage V R on the  re ta rd in g  potential m esh controls the  energy loss 
window, AE = E0 - V R, where E0 is the energy of the en tran t beam before
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being  accelera ted  by the  in n e r sphere , i.e. 1 keV in the  p resen t 
arrangem en t. Each detector is operated under identical conditions to 
m inim ise any possible system atic asymmetry.
The re ta rd in g -p o ten tia l p o larim eter has the  advan tage  th a t, 
because of the strong radial field between the inner and outer spheres, it 
provides excellent discrim ination against inelastically scattered electrons 
so th a t the energy resolution of the polarim eter is very good. A nother 
advantage of the retard ing-po ten tial polarim eter is th a t the scattered  
electron detectors and other major portions of the apparatus are a t ground 
po ten tial which is relatively safer and easier to operate. F u rther, the 
incident electron beam is strongly focused in two-dimensions resulting in 
a very well-defined impact point on the target foil.
3.3.4 Performance
The m easurem ent of electron polarisation by a M ott polarim eter 
requires determ ination  of a left-righ t sca ttering  asym m etry  A  and a 
knowledge of the effective Sherm an function S eff. U ncertain ties in both 
will contribute to the overall uncertain ty  in the m easured polarisation. 
In stru m en ta l asym m etries, such as beam  or appara tu s m isalignm ent, 
beam and (or) target inhomogeneities, unequal detector responses, stray  
fields, background signals, etc., are the sources of system atic error in 
m easuring  the scattering  asym m etry A  which m ust be identified and 
taken  into account. E rrors in S eff can re su lt both from experim ental 
u n c e rta in tie s  associated  w ith  the  p a rtic u la r  ca lib ra tion  procedure 
employed and from the uncertain ties of the theory associated w ith the 
calibration.
M easurement of scattering asymmetries
In s tru m e n ta l asym m etries can re su lt from unequal detector 
responses and (or) appara tus m isalignm ent (see figure 3.11). The ideal 
experim ental geom etry is shown in figure 3.11(a). The inpu t beam  is 
incident along the system axis and the sym metrically positioned detectors 
define equal scattering angles 6 but the solid angles ÜL, QR subtended 
by the two detectors and the detector efficiencies £ L>R are different. For an 
incident eT beam the num bers of counts in the left and righ t detectors 
are, according to eq.(3.24),
Lf  = n N £ LGLI(0)[l+PS(0)] (3.32a)
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Rr =nN£RQRI(G)[l-PS(e)], (3.32b)
w here n is the num ber of incident electrons, N  is the num ber of ta rge t 
atoms per unit area, and P  is the polarisation of the incident beam.
F igu re 3.11 The perfect alignm ent (a), and beam m isalignm ent (b) of the 
M ott polarimeter.
If there is a m isalignm ent which results in the incident beam being 
inclined at some angle S to the instrum ental axis and striking the target 
a distance Ax from its  centre, as illu s tra ted  in figure 3.11(b), then  
L I and are
where r, Ar and A6 are illustrated  in figure 3.11(b) and, to the first order, 
are given by
Ar I = Ax sin 0 = - A r 9 = Ap ,
Ar (3-34)
4 0 1 = — cos 0 +<5 = - 4 0 2 s Mr
Using the first-order expansion
e-Ae
,0+Ad
L I = n N £ Lf2Li(Ari ,A6i)I(6 + 4 0 1)[l + PS (6 + 46^)], 
= n N £ RQR (Ar2 ,A62)I(6 + A62) [ l - P S ( 6  + A62)],
(3.33a)
(3.33b)
(3.35)
then
Lf = n N £ L£2L (Ar,40)7(0 + 40) 1+PS + P —— 40 , (3.36a)
2 0
1 -  PS  + P  4 0 .
00
R I = n N £ RQR {-A r , -A 0 ) I{6  -  40) (3.36b)
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Since there  is the  alignm ent asym m etry  and the  asym m etry in the 
d e tec to r’s responses, i.e., £ LQL ^ £ RP2R, these  asym m etries m ust be 
corrected. A num ber of techniques can be used e ither to m easure  
instrum ental asym m etries or to elim inate their effects. Such elim ination 
is particularly  simple in cases where the input beam polarisation can be 
reversed optically. As described in section 3.2, the electron polarisation 
produced from the GaAs photocathode source in the present experim ent 
can be accurately  reversed  sim ply by reversing  the  helicity  of the  
radiation. Therefore, by flipping the direction of the polarisation to e i ,  
another pair of num bers counted by the two detectors are
h n'N'£Ln L(Ar,A6)I(e + A8)
no
1 - P S - P  —  AOde (3.37a)
*1 n 'N '£ RQR( - A r , - A 6 ) I ( 6 - A 0 )
n o
1 + P S - P  —
de
Ae , (3.37b)
w here the prim es indicate th a t, in th is  run , the num ber of incident 
electrons and the effective target thickness can be different (the effective 
target thickness may change due to inhomogeneities of the target).
= j n n 'N N '£ L£ R£2La RI (e  + Ae)I{e  - A e ) (3.38)
l( l+ P S )2 -
\ 2
P - — AQde
V W -AT
^ 7in 'N N '£ L£ Ra La RI( 0 0 - (3.39)
1
(1 - P S ) 2 -  ^P  —  A8de
Neglecting second-order errors one obtains the asym m etry
N + -  N~  
N + + N~
P S , (3.40)
which is independent of detector efficiencies, solid angles, and m inor 
m isalignm ent of the beam.
The essential assum ption underlying th is resu lt is th a t the beam 
position  is not changed w hen the  p o la risa tio n  is reversed . The 
m isalignm ent m ust stay the same during the whole m easurem ent. In the
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present work the electron beam is aligned and checked by monitoring the 
fluorescence mesh on the foil holder. There is no change in position when 
the  polarisation is flipped and any m isalignm ent is sm all enough to 
neglect the second-order errors.
A num ber of techniques have been used to m easure or cancel the 
in s tru m e n ta l a sy m m etries . For in s tan c e , p lac ing  two de tec to rs 
sym m etrically a t sm all sca ttering  angles so as to m easure the  false 
asym metries (Gellrich et al. 1990) or rotating the detectors through 180° so 
as to correct the asym m etry. Detailed descriptions and considerations of 
how to elim inate and calculate the  scattering  asym m etries are in the 
review articles of Kessler (1985) and Gay and Dunning (1992).
The other source of scattering asym m etries is spurious background 
signals, usually from scattered  electrons from the surface of the inner 
sphere, foil holder, etc. In retard ing-po ten tia l M ott polarim eters th is 
problem can be effectively elim inated by operating a t a sm all inelastic 
energy loss window AE because the electrons th a t reach the detectors by 
indirect paths typically suffer significant energy loss and can therefore be 
discrim inated against by the retard ing  potential.
Calibration procedures
There are quite a few m ethods to calibrate the effective Sherm an 
function Se^ {Q) and hence to obtain the true  electron polarisation value. 
These m ethods include ta rg e t thickness extrapolation, extrapolation to 
zero inelastic  energy loss, m easurem ents of Se^ {9 )  th rough  double 
scattering, and direct calibration using electrons of known polarisation. 
In the present apparatus, extrapolation methods are most practical.
By m easuring asym m etries A  under the same condition for targets 
of different th ickness and ex trapolating  to zero th ickness w here, by 
definition, scattering  from single atom s occurs, the da ta  can then  be 
norm alised in th is lim it to the calculated Sherm an function. This is the 
ta rge t thickness extrapolation m ethod for Sherm an function calibration. 
It is a direct extrapolation m ethod to calibrate the  effective Sherm an 
function. In the present apparatus there are only three positions available 
on the foil holder for different gold foils and it is inadequate for a reliable 
extrapolation.
One of the advantages of the retarding-potential Mott polarim eters 
is th a t  they are able to d iscrim inate against the  inelastic  scattered
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electrons by reducing the energy loss window AE. Hence they provide an 
a lternative  calibration procedure. Generally, those electrons th a t travel 
the greatest distance in the target foil lose the most energy. W ith a small 
energy loss window AE, electrons travelling large distance in the foil and 
which suffer significant energy losses will be discrim inated against, 
lim iting the observed scattering to the near surface region. The thickness 
of the  region from which sca tte ring  is observed can be reduced by 
decreasing  AE. From  th is  aspect, the  extrapolation  of the  observed 
asym m etry to zero AE is essentially equivalent to an extrapolation to zero 
foil thickness and the data  could again be norm alised to the calculated 
Sherm an function for single atom scattering  in this limit. M easurem ents 
of A  vs AE  are sim ple to carry out in practice and thus the  idea is 
a ttra c tiv e  from, an experim en tal standpo in t. From  ano ther aspect, 
however, the m ultiple and plural scattering events in the target foil may 
either be elastic scattering or inelastic scattering events. These spurious 
elastic scattered electrons cannot be discrim inated against through the 
energy loss extrapolation method, and consequently contribute to the 
background signal and reduced the  m easured  asym m etry. V arious 
comparisons of the foil thickness extrapolation method, the zero-energy- 
loss extrapolation method together w ith the theoretical Sherm an function, 
have been made over a wide range of incident electron energies and target 
foil thickness (Campbell et al. 1985, Gay et al. 1992, etc.). I t is believed th a t 
for incident energies h igher th an  50 keV, elastic scattering  is not a 
problem  w ithin a certain  range of accuracy, even for quite th ick foils 
(D unning et al. 1987). For energies below 50 keV there is an increasing 
discrepancy between theory and experim ent. For the present device, the 
incident electron beam is accelerated to 60 keV, so th is zero-energy-loss 
extrapolation m ethod is considered to be the  most practical m ethod to 
m easure the polarisation. By using gold foils w ith different thicknesses, 
the accuracy of the calibration will certainly be improved.
3.3.5 Results and discussion
Energy resolution
A plot of the count rate  of scattered electrons vs energy loss window 
AE a t 20 keV is sjiown in figure 3.12. In this integral energy spectrum, the 
zero-energy-loss cutoff is very clear. N ear this cutoff, the width of the steep 
rise indicates th a t the energy resolution AE/E  of the p resent device is 
about 2 .5 x l0 -4. This energy resolu tion  ensures th a t the  e lastically  
scattered  electrons can be unam biguously distinguished from inelastic
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sca tte ring  events by the electron detectors, therefore the  polarisation 
obtained from the zero-energy-loss extrapolation is reliable.
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Figure 3.12 In tegral energy spectrum  I  vs AE. I  is the in tensity  of the 
scattered electrons in the horizontal pair of the detectors; AE is the energy- 
loss window.
Electron polarisation
Figure 3.13 shows the m easurem ents of the left-right asym m etry A 
vs energy loss window AE. Because the incident electrons are vertically 
polarised, the horizontal pair of the detectors is used. The incident beam 
is accelerated to 20 keV or 60 keV during the m easurem ents. Comparing 
th is da ta , it is obvious th a t the asym m etries are reduced significantly 
when the incident electron energy is reduced. As explained earlier, the 
extrapolated value of zero-energy-loss asym metry, Ao, a t 60 keV incident 
energy can be considered as the asym m etry due to single atom scattering 
w ithin a certain range of accuracy. A least-squares fitting m ethod is used 
to fit the data  w ith a quadratic function and the value of zero-energy-loss 
asym m etry is calculated to be Aq = -0 .087  ±0.004. U sing the  Sherm an 
function calculated by Ross and Fink (1988), S  = -0.362 a t 60 keV, thus 
P = Aq/S  = 0 .24± 0.01  is the polarisation of the incident electron beam. 
After th is in itia l calibration a t AE = 0 ( 60 keV ), the effective Sherm an
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function S eff is known a t e ither 60 keV or 20 keV, for any energy loss 
window A E . T herefore, under the  sam e experim en tal conditions, 
subsequent m easurem ents of the asym metries can be carried out at lower 
incident energy and w ider energy loss window since the  m easurem ent 
efficiency is m uch h igher a t lower energies and w ider energy loss 
windows.
t = 100 nm
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F igu re 3.13 The m easurem ents of the left-right asym m etry A  vs energy 
loss window AE w ith incident energy of 20 keV and 60 keV.
Efficiency, precision and accuracy
I t is desirab le  to increase  the  efficiency of the  po larisa tion  
m easurem ents by using high in tensity  electron beam (about a few pA). 
However, the detectors of the scattered electrons would be damaged if the 
in tensity  of the  incident beam is too high. To protect these electron 
detectors, usually we use a neutral laser a ttenuato r to reduce the intensity 
of the GaAlAs laser diode hence the intensity  of the electron beam during 
the m easurem ents. The in tensity  of the electron beam is reduced to nA 
range. U sually it takes a few m inutes to m easure a pa ir of left-right 
counts and  abou t 1 hou r to com plete a group of p o la risa tio n  
m easu rem en ts .
In the m easured  polarisation P = 0 .24±0.01 , the  error ±0.01 is 
from the counting statistics. This statistical error can be fu rther improved 
by repeated  m easurem ents. But th is precision 0.01/0-24 = 4% does not
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include the system atic errors from the m easurem ents and theory, so it 
does no t m ean  th a t  the  abso lu te  accuracy  of the  p o la risa tio n  
m easurem ents can be fu rther improved by repeated m easurem ents. In 
fact, sim ilar to most of the other Mott polarim eters, the absolute accuracy 
is no longer lim ited by statistics but ra th e r the system atic errors in the 
m easu rem en ts .
As explained earlier, the system atic error from beam  alignm ent 
can be corrected by reversing the direction of spin polarisation based on 
the  essential assum ption th a t the beam  position and in tensity  is not 
changed when the polarisation is reversed. The m ain source of system atic 
error in the current experim ent arises from the extrapolation procedure. 
This is a common problem for any M ott extrapolation procedure. One 
possibility is th a t the spurious elastic scattering signals from the targe t 
foil of finite thickness reduce the lim it of asymmetry, A\ae=q below th a t of 
ATrue; Another possibility is th a t when AE is not reduced to zero, the use 
of an  inappropriate functional form for A vs AE to extrapolate to A |^ =0 
can cause an un true value. In the present experiment, the first possibility 
is the likely m ain source of uncertainty  because the thickness of the gold 
foil is 100 nm. Gay et al. (1992) observed th a t the m easured asym m etry A 
increased by about 10% as the thickness of the gold foil decreased from 70 
nm  to 34 nm  a t an incident energy of 60 keV. This implies th a t the current 
polarisation m easurem ents m ight be about 10% under the actual value. 
Because of the  good energy reso lu tion  of the  p resen t device, the 
extrapolation form would not be the major problem in getting the true  
value of A. The system atic error from the theory is hard  to judge since it 
very much depends on the accuracy of the theory. Com paring different 
theoretical calculations (Ross and F ink 1988, B uhring et al. 1968, and 
H olzw arth et al. 1964), it is believed th a t the uncertainty  of the theory is 
about 1%, which is not a major source of system atic error.
To get a reliable estim ation of the to tal error in the polarisation 
m easurem ents, the counting sta tistics and all possible system atic errors 
m ust be taken into account. Taking 10% uncertainty in the extrapolation, 
1% u n certa in ty  in  the  theoretical Sherm an function value, and 4% 
coun ting  s ta tis tic  u n certa in ty , a more re liab le  descrip tion  of the  
polarisation and its error is P = 0.24 + 0.03.
To im prove the  absolu te  accuracy, one has to d im in ish  the  
system atic error as much as possible. The practical method in the present 
device is to use a th inner gold film and to increase the beam energy. A two
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dimensional extrapolation of energy loss window AE and foil thickness t, 
would be much help. The polarisation m easurem ents w ith th inner gold 
foils (e.g., 50 nm) are in progress. O ther methods, such as calibrating the 
effective Sherm an function of the targe t foil by using a polarised electron 
beam of known polarisation (Oro et al. 1991), by electron double-scattering 
m easurem ents (Gellrich and Kessler 1991), by using an auxiliary target 
(M ayer et al. 1993), etc., can also improve the accuracy of polarisation 
m easurem ents, although these m ethods are not practical in the current 
system .
Depolarisation processes
The m easured polarisation of GaAs photoelectron beam is about 
24%, only h a lf  of th e  theo re tica l th resho ld , 50%. Some p ractical 
conditions, such as the  im perfectness of circular polarisation of laser 
radiation, the laser frequency broadening, etc., could of course reduce the 
polarisation value of the em itted electrons. The relatively low polarisation 
is m ainly caused from depolarisation processes w ithin the crystal, in the 
crystal surface, and along the beam transport.
Polarised electrons w ithin the crystal have a certain spin relaxation 
tim e, which is determ ined by the  exchange in terac tion  betw een the 
electrons and holes. Defects, im purities, and high tem pera tu re  of the 
crystal can all reduce th is spin relaxation tim e and hence depolarise the 
em itted electrons (Pierce et al. 1980). Spin exchange processes are also 
possible in the Cs-0 layer, and in the range of the cesium cloud near the 
surface, produced by the cesium dispenser. The cross section for spin 
exchange scattering  from alkali atom s a t low energies is very high 
(Cam pell et al. 1971). A lthough the  low -current standby  cesiation 
m ain tains the  long-life electron beam , i t  constantly  produces cesium 
atoms on the surface of the GaAs crystal and also provides a likely source 
of depolarisation.
Depolarisation could also happen along the beam transpo rt if the 
m agnetic field exists along the  beam  line, being perpendicular to the 
direction of polarisation. This magnetic field B  would cause the rotation of 
the polarisation direction by the  angu lar speed of co ~ eBlme (Kessler 
1985). It is estim ated th a t for a total 2-m length of transport and 100 mG 
m agnetic field, the polarisation vector P e will be ro tated  to about 10°, 
corresponding to about 2% depolarisation in the expected polarisation 
direction.
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From  the depolarisation m echanism s discussed above, one finds 
th a t the depolarisation is m ainly due to the condition of the present GaAs 
m ate ria l, and the  essen tia l conditions of the  experim ent (e .g ., the 
continuous stand-by cesiation current). There is not m uch potential of 
im proving the polarisation value by using the present GaAs source. To 
have a significant increase in the polarisation (up to 100%), the use of a 
stra ined  GaAs source is being investigated.
3.4 (e,2e) Collision System
3.4.1 System geometry
The (e,2e) scattering  system was originally designed in 1986. It is 
su itab le  for several different kinds of (e,2e) geometry, however, it was 
m ainly used for non-coplanar (e,2e) collision studies (Zheng 1989). For the 
curren t experiments, the coplanar asym metric (e,2e) collision geometry is 
used. Many changes have been made to the scattering cham ber to enable 
(e,2e) experim ents to be carried out w ith the polarised electron gun and 
the Mott polarimeter.
The scattering chamber, which is 700 mm in diam eter and 600 mm 
high, is constructed of non-m agnetic sta in less steel sheet of 3 mm 
thickness. At the level of the in teraction  region, two ports are used to 
introduce the polarised electron beam. One is connected to the differential 
cham ber, which is the  entrance port for the polarised electron beam, 
another is connected to the Mott polarim eter, which is the exit port of the 
beam. Figure 3.14 is a schematic diagram  of the electron spectrom eters. 
For the  coplanar m easurem ents, the electron beam  and both electron 
detectors lie in the same horizontal plane, called the scattering plane (see 
figure 3.15). Two ro tatable  turn-tables are used to support both electron 
spectrom eters, and another fixed turn-table is used to support the electron 
gun. In the horizontal scattering  plane, the angle between the electron 
beam and the fast scattered electron detector is called 6S. 6e is the angle 
betw een the slow ejected electron detector and the electron beam. To 
minimise the angle between these two electron detectors so as to increase 
the accessible range of 6S -  0e,th e  hem ispheres are oriented on opposite 
sides of th e ir sca ttering  plane, i.e. the  hem isphere of the  sca ttered  
electron detector is above the scattering plane while the hem isphere of the 
ejected electron detector is below the scattering  plane. However, the  
m inim um  value of the angle 9S -  6e is still about 53° because of the large 
physical size of the hem ispheres.
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F igu re 3.14 The geometry of the electron spectrom eters in the scattering 
cham ber.
F igure 3.15 Reaction kinem atics for the (e,2e) process.
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3.4.2 Vacuum unit
Figure 3.16 shows the vacuum  pum ping system  for the collision 
chamber. The chamber was designed to have arched bottom and top plates 
to reduce the shape deform ation by atm ospheric p ressure  w hen the 
system  is under high vacuum. The scattering  chamber is pumped by an 
A lcatel 9200 CA diffusion pump and an Alcatel two stage m echanical 
pump with three electro-pneumatically operated valves (butterfly, backing 
line and roughing line valves). A refrigerated trap  (-20°C ) is located in the 
backing line between the diffusion pump and mechanical pump to prevent 
m igration  of backing pum p oil. The pressures of the  m ain cham ber, 
backing line and gas line are m onitored by one ion gauge and two 
therm ocouple gauges, respectively, driven through a G ranville-Phillips 
270 gauge controller. A vacuum  control un it, combined w ith th e  gauge 
controller, controls the m ain power of the system. Three pneum atically 
operated valves, an ion gauge in the m ain chamber and a therm al safety 
sw itch on the diffusion pump, provides for safe operating conditions for 
the vacuum  system. The shu t down pressure in the chamber was set a t 1 
x 10'5 Torr. The therm al safety switch fitted on the cooling w ater coil of the 
diffusion pump is set a t 40°C. Therefore, when either the pressure of the 
scattering  chamber rises higher than  1 x 10‘5 Torr, or the tem perature of 
the diffusion pump rises up to 40°C, or the  power fails, the appara tu s 
shu ts down.
The target gas entry into the system is controlled by a variable leak 
valve. In the current experim ent, the operating pressure w ith xenon in 
the system  is about 6 x 10'6 Torr, w hilst the background pressure w ith no 
gas is less than  2 x lO 7 Tor.
In  the  electron-atom  collision experim ents it is im p o rtan t to 
m inim ise the magnetic field at the interaction region zone so as to avoid 
electron deviation by the Lorentz force. This is especially im portant for low 
energy collision experim ents. To cancel the  existing m agnetic fields 
produced by the E arth  and other equipm ent, two sets of Helmholtz coils 
w ere also used  in  conjunction w ith  p -m etal m agnetic  sh ie ld ing  
su rround ing  the  cham ber. All e lem ents of the  equipm ent near the  
in terac tion  region are dem agnetised before pu tting  into the  scattering  
cham ber. The m agnetic field around  the  in te rac tion  region can be 
reduced to less than  1 mG when the lid of the chamber is lowered.
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3.4.3. Electron spectrometers
In (e,2e) experim ents, electron spectrom eters play a particu larly  
im portan t role. In the current experim ents, two identical spectrom eters 
are employed. The schem atic diagram  of the electron spectrom eter is 
shown in figure 3.17. It includes a 180° hemispherical analyser (HSA) and 
associated electrostatic lens system, as an electron energy analyser and a 
position sensitive detector w ith m icro-channelplates and resistive anode 
as an electron detector.
Figure 3.17 The schem atic diagram  of the  electron spectrom eter, 
including the electron analyser and the detector.
Electron analyser
The electrostatic lens system is sim ilar in design to th a t described 
by Kevan (1983). It is a five-element lens system. The first elem ent is 
always grounded. The second and the  th ird  elem ents w ith  respective 
voltages V2 and  V3 control the  acceptance solid angle of incom ing 
electrons. Two para lle l 1 x 1.5 mm slits in the th ird  elem ent form a 
collimator for the detected electrons, and determ ine the acceptance angle 
of the analyser. Thus the angular resolution of the system is defined. The 
third, fourth and fifth elements have voltages V3, V4 and V0 respectively. 
They are used to re ta rd  and focus electrons before energy analysis so as to 
control the  energy resolution of the analyser. V0 on the  la s t elem ent
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determ ines the electron m ean pass energy Ep of the hem isphere. All of 
the voltages described here are w ith  respect to the zero of the kinetic 
energy of the selected electrons. An X-Y deflector is incorporated in the 
final lens element in order to adjust the electron entrance position for the 
HSA.
Two concentric hem ispheres, w ith  inner d iam eter of rA = 51 mm  
and rB = 8 9 mm,  are used to form the HSA. Appropriate potentials VA 
and VB are applied on the inner and outer hem ispheres to m aintain  the 
potential distribution
V(r)  = V0( r* +rB.) (3.41)
r
inside the  HSA. E lectrons en tering  the  HSA through  a 5-mm-diam 
aperture  have the pass energy E  = Ep ±AE.  The entrance radial position 
is u sua lly  ad ju sted  to th e  cen tre  of th e  two hem ispheres, i .e. ,
r o =  2 ( r A + r ß ) -
The HSA has been extensively investigated by a num ber of authors 
(Purcell 1938, Simpson 1964, K uyatt and Simpson 1967, Imhof et al. 1976). 
Electrons experience the electrostatic field proportional to l / r 2 inside the 
analyser and travel in semi-circular orbits to the exit plate of the analyser. 
This travelling orbit depends on the pass energy E  of the electron and the 
deviation a  of the  incident angle from the norm. For sm all a ,  the exit 
radial position ry for an electron entering a t the central radial position r0 
is given by
O \E  cos a  
2Ep - E  cos2 a
(3.42)
In usual cases, the detectable energy range AE is much less th an  the 
m ean pass energy Ep . Therefore, to a good approxim ation, the  rad ial 
position at the exit of the analyser varies linearly with the entrance energy 
of the electrons. The angle of entrance a  can be m inim ised by adjusting 
the lens system so th a t the position of an electron at its exit plane uniquely 
defines its energy. In the present experim ent the pass energy is Ep = 50 
eV and the detectable energy range a t the exit plane is about 7 eV, where 
only the central 6 eV is used. Good energy resolution, angular resolution 
and linearity  can be achieved by careful adjustm ent of the voltage settings 
of the analyser.
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To reduce the fringing-field a t the entrance of the hem isphere, six 
stainless steel rings a t appropriate potentials are inserted between the two 
hemispheres. It provides a uniform potential distribution a t this point and 
improves the energy resolution (Zheng 1989).
Position sensitive detector
In (e,2e) experim ents, it is very im portant to increase the ra te  of 
da ta  accumulation. The position sensitive detectors (PSDs) w ith micro- 
channelp la tes (MCPs) and res istive  anodes (RAs) are  employed to 
sim ultaneously  detect electrons over a broad energy range. The PSD 
technique was first applied to the (e,2e) experiments by Cook et al. (1984). 
A large improvement in accumulation ra te  was achieved by sim ultaneous 
collection of the coincidence signal over a range of energies a t constant 
energy resolution.
Micro-channelplates
Resistive anode
F igure 3.18 The cross-sectional view of the position sensitive detector.
A microchannel plate is an a rray  of m iniature electron m ultipliers 
orientated parallel to one another (Wiza 1979). A particle impacting upon 
the p late surface in itia tes an electron cascade in one or a few of the 
m iniature channels, resulting in charge m ultiplication of about 103 to 104. 
The MCP used in the present experim ents has 27 mm outside diam eter 
w ith an active area  of about 25 mm diam eter. A pair of MCPs in the 
tandem  configuration (see figure 3.18) is employed to provide large gain, 
typically about 106 to 107, which is sufficient to perm it single electron 
detection. The MCPs are oriented so th a t the channel bias angles provide 
a sufficiently large directional change so as to inh ib it positive ions 
produced a t the output of the rea r plate from reaching the input of the 
front plate (see Wiza 1979, Rogers and M alina 1982). In the present case, 
the plates are separated by a 50 pm conducting spacer. An electron going 
to the  detector strik ing  the  first MCP will expand and illum inate  a 
num ber of channels a t the entrance of the second MCP and then generate
a m ultiplying cascade of electrons giving rise to a charge cloud emerging 
from the back of the second MCP. The spatial inform ation of the charge 
cloud will be collected by a resistive anode a t an additional accelerating 
potential , which is located below the second MCP.
Y
!
--------« - X
84
F igure 3.19 The Gear type of resistive anode.
The RA consists simply of a resistive strip  of uniform  thickness 
deposited on a ceramic substrate and backed by a grounded plate to form a 
d is trib u ted  RC strip . The uniform ity  of the  po ten tia l g rad ien t, an 
und isto rted  im age and good positional resolution are very im portan t 
requirem ents for a RA. Gear-type resistive anodes are employed in the 
present system. This type of anode is obtained by cutting circular arcs of 
equal radius a on a uniform surface resistance sheet as shown in figure. 
3.19. The two-dim ensional boundary value theorem  due to G ear (Gear 
1969) sta tes th a t a uniform  curren t flow in an infinite sheet having a 
res is tiv ity  r  is unaffected by a circular hole of rad ius a if the hole is 
bordered by a line resistor of value =r/a.  W ith the help of th is theorem, 
Gear-type resistive anode will exhibit an in ternally  uniform electric field 
when certain conditions are applied to the four term inals 1, 2, 3, and 4. By 
connecting term inals 1 and 4, 2 and 3, the sheet field will be uniform in re­
direction. If a steady current i0 enters the sheet a t position ( X , Y )  then  the 
term inal curren ts ij (y = l,2 ,3 ,4 ) are such th a t (F raser and M athieson 
1981)
q + z4 X
q  +  2^ 4- jg + d
(3.43)
Here d  is the distance between adjacent term inals. Thus the  position 
coordinate X  can be linearly recovered from the current ratio
X A
A  + B ’
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(3.44)
where A  = il + i4, B = ^  + *3 are output charges from term inals 1-4 and 2-3 
of the RA, respectively.
The MCPs and RA form an integral PSD unit, which is mounted on 
the  exit p late of the  hem ispherical analyser. I t can sim ultaneously  
determ ine the position and tim ing inform ation of incoming electrons. The 
arrival time of an electron a t the detector is determ ined from a fast pulse 
derived inductively from the back of the  second MCP. The processing 
electronics will be discussed in detail in the following section.
3.4.4 Coincidence Measurements
Energy signal processing
AMP
A+B
AMP
PSDASUMAMP
F ig u re  3.20 The schem atic diagram  of the  electron energy signal 
processing.
In an (e,2e) experiment, the two spectrom eters described above are 
used to select both energies Es f Ee to satisfy the energy conservation law 
E0 = Es + Ee + Ae, where Ae is the binding energy of the target. The sum 
energy Es + Ee of electrons are  processed by several s tan d ard  NIM 
electronic modules which is shown in figure 3.20. The outputs A and B  of 
the RA are capacitively decoupled and connected by low capacitance cable 
to two charge sensitive pream plifiers (Ortec 142 IH). The lp f  feedback 
capacitance and 100 MO input resistance of the Ortec 142 IH result in an 
RC time constant of -lOOpsec. Each output pulse from the pream plifiers is 
fu rther amplified and shaped by a G aussian am plifier (Ortec 575). It is 
im p o rtan t to m ake th e  se p a ra te  channe ls A and B  have equal 
amplification. The position coordinate X  of the incoming electron is given 
by A /(A  + B). Therefore a sum am plifier (Ortec 533) is used to add the 
pulses A and B. This summed pulse and pulse from one end (A) of the RA 
are then  fed into a position sensitive detector analyser (PSDA, Ortec 464)
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which generates a position output signal in the range of 0 to 10 volts 
proportional to X  = A/(A + B) °c E  -  Emin. The same process is applied for 
obtaining position signals X s, X e from both the scattered and the ejected 
analysers. Before feeding the signals X s and X e to a sum amplifier, two 
pulse conditioners are used to ad just the linear height and w idth of 
positive pulses It is im portant to ensure th a t X s and X e have equal 
amplification. Usually before a real m easurem ent, a common test pulse is 
fed to all the pre-am plifiers of both scattered and ejected channels. At 
each stage of the electronic process, outputs of these two channels are 
adjusted identically. After these careful adjustm ents, the position pulses 
are then  sum m ed by a sum am plifier, the sum being proportional to 
Es +Ee - ( E smin + Eemin), where Esmin and F emin are the fixed m inim um  
pass energies of both analysers.
Timing signal processing
U ncorrelated electrons with energies satisfying the selected energy 
settings are detected by analysers as well as the electrons arising from a 
single collision. Therefore, the coincidence technique m ust be used to 
select the electrons arising from the same event in an (e,2e) reaction.
V8ACK
MCP, MCPj
V 8AC>
COINCIDENCE RAN00M
Figure 3.21 The schematic diagram  of the fast tim ing signal processing.
F igure 3.21 is a schem atic diagram  of the fast tim ing  signal 
processing used in the present (e,2e) system. Fast tim ing pulses are taken 
from the back of each of the second MCPs in the PSDs. A fast pulse 
transform er is used to couple the signal from the MCP to the fast p re­
am plifier (Ortec 9301). Then the pulse from the pream plifier is fu rther
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amplified (Ortec, AN 302). The negative output pulse of the amplifier is fed 
to the constant fraction tim ing d iscrim inator (CFD, Ortec 934), which 
produces N IM -standard output pulses. This discrim inator is properly set 
up so th a t the first inpu t pulse is kept for tim ing purposes and the 
reflections are cut off. The NIM standard  logic pulse of the CFD from one 
detector is used to s ta r t a tim e-to-am plitude converter (TAC, Ortec 467) 
and the pulse from another detector, delayed by a delay unit (Ortec 425A) 
for several tens of nsec, provides the  stop pulse to the TAC. The TAC 
produces an ou tpu t pulse whose he igh t is proportional to the  tim e 
difference between the s ta rt and stop pulses. Here the time interval of the 
TAC is set between 0 to 200 nsec. The TAC outputs can be either the real 
coincidence events which occur in  a certain  tim e in terval Atc = t2 - t 1 or 
the  random  coinpidence events from any uncorrelated electrons which 
s ta rt and stop the counter in the TAC in the time interval between 0 to 200 
nsec. Figure 3.22 is a typical tim ing spectrum  from an (e,2e) experiment. 
The uniform  background in th e  spectrum  is contribu ted  by those 
uncorrelated electrons in the detectors. The peak superim posed on th is 
background is the coincidence peak which corresponds to the arrival of 
p a irs  of e lec tro n s com ing from  th e  sam e io n isa tio n  ev en ts . 
Experim entally, a finite tim e window Atc is set to m easure coincidence 
events. To estim ate the contributions from these "accidental" coincidences 
w ithin Atc, a second window Atb in  the  tim e spectrum  is sim ultaneously 
observed, Atb being well outside the  region encom passing the  tru e  
coincidences.
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F igu re  3.22 Typical pulse height d istribution from a tim e-to-am plitude 
converter showing the tim e delay between s ta r t and delayed stop inputs 
and the windows of the coincidence (c) and background (6) single channel 
analysers.
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In tim e T,  the accum ulated tru e  coincidence counts N t can be 
derived from all counts N c in the Atc window and the counts N b in  the 
Atb window by the expression
N t = N c (3.45) 
r
where, r = Atb/Atc is the ratio of the background and coincidence window 
widths. The standard  deviation of N t is
l
(3.46)ANt N t + N a( iW1 + -
 ^ r J
w here N a = N b/r  is the num ber of accidental counts in the coincidence 
window. It is obvious th a t the larger the value of r  is, the sm aller the error 
in determ ining the num ber of coincidence counts is, provided of course 
th a t r is constant and known accurately throughout the experiment. The 
num ber of the true  and accidental coincidences N t , N a can be w ritten  as
N t = CxnIT,  (3.47)
N a = C2Atc(nI)2T.  (3.48)
W here T  is the to tal m easuring tim e, n is the target gas density, I  is the 
inciden t electron beam  cu rren t and and C2 are constan ts fully 
determ ined by the physics of the process and overall efficiency of the 
instrum ental arrangem ent. The commonly used figure of m erit has been 
the signal to background ratio SBR
SBR Cl
C2 • n l  • Atc
(3.49)
From a statistical point of view, the relative statistical uncertainty  in the 
true  counts N t can be w ritten as
6
l
ANt 1 r  i (Cl „ r i')— + c 2 i + - Atc
N t Cx [ t [ n l  2K r )
(3.50)
Eq. (3.50) shows th a t w hen the  coincidence window w idth  Atc 
decreases and the  ra tio  r  increases, the  s ta tis tica l accuracy of the  
experim ent is improved. Increasing the value of n l  also improves the 
experim ent until ANt/ N t approaches a constant value, but the signal to 
background ratio S B R  is reduced, according to eq. (3.49). This is contrary
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to the  usual criterion  of increasing  the signal to background ratio . 
P rac tica lly , a com prom ise is u sua lly  m ade betw een the  signal to 
background ratio  and increasing n l  to reduce the accum ulation tim e T. 
R earranging  eq. (3.50), the  accum ulation tim e T, which is required  to 
collect data  of certain statistical accuracy S can be w ritten as
T _1_
S2
1 C2 |^ i 1
------------- +  —4  i + -
C1 n l  Cf v r (3.51)
By substitu ting eq. (3.49) to express the accumulating time in term s of the 
SBR, T  is
82 - C ^ n I
( 14 11+ 1+-
 ^ r) s b r \
(3.52)
In the limit of large SB R
T->
S2 Cv nI
if  SBR»1+-  
r
(3.53)
Thus if one s ta rts  w ith a good signal-to-background ratio, then  by 
increasing nl,  the data  collecting time T  is decreased. However, the S B R  
is also decreased as n l  is increased, according to eq. (3.49). In th is way 
one will eventually end up in the lim it of small S B R ,  provided th a t the 
cross sections allow it, and
T^>-f 3 - .... I 1+ —  I. At <* Atc, if (3.54)
S2 Cf  \  r j  c r
In  th is lim it, the da ta  collecting tim e becomes independent of nl,  
bu t linearly  proportional to the  coincidence w idth Atc. In  the  m ost 
practical cases one will operate betw een these two lim its, w here both 
m axim ising n l  and m inim ising the  coincidence w idth Atc are  equally 
im portan t.
To m inim ise the  coincidence w idth  Atc so as to im prove the  
statistical accuracy of the (e,2e) data, a time-of-flight correction technique 
is employed in the xenon experiments. The detail of th is technique will be 
discussed in chapter 4.
3.4.5 System energy resolution
Energy resolution of the (e,2e) coincidence system is a convolution 
of the resolution of each of the electron analysers and electron beam. In
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both of the (e,2e) experim ents described in th is thesis, an essen tia l 
condition is to resolve ionisation transitions from different sta tes. It is 
therefore very im portant to obtain a sufficiently good energy resolution for 
the  coincidence system.
To obtain good energy resolution for each electron analyser, it is 
im portan t to ad just the electron optics of the lens system, the voltage 
se ttin g  of the  hem isphere and the  MCPs. A fter com prom ising the  
conditions for energy reso lu tion , a n g u la r  reso lu tion , and  signal 
countrate, the setting of each electron analyser is fixed.
The energy spread of an electron beam  affects directly the energy 
resolution of the (e,2e) system. For a trad itiona l therm ocathode (e.g. , 
tu n g s ten  filam ent), the  energy spread  of electrons depends on the  
tem perature  of the em itter (Franzen and Portere 1975). Typical operating 
w idths for these sources range from ~0.2 to 0.5 eV (Feigerle et al. 1984). 
The GaAs electron source, on the other hand, has a very favourable 
feature, in th a t the energy spread of the photo em itted electrons is much 
narrow er (less th an  100 meV, e.g., D rouhin et al. 1985). W hen planning 
the polarised (e,2e) experiment w ith xenon, it had been expected th a t the 
(e,2e) binding energy spectrum  would have much better energy resolution 
th an  th a t w ith the unpolarised tungsten-filam ent gun. However, it was 
surprising  to find th a t the (e,2e) energy resolution was even worse w ith 
the electron beam from the GaAs photocathode (~ 1.0 eV) than  th a t from 
the tungsten  thermocathode (~ 0.8 eV) with sim ilar beam density (~ 2pA).
The separate  m easurem ent for energy resolution of electron beam 
has not been applied to this system. The elastic scattering m easurem ents, 
however, can estim ate the relative changes of the electron beam  energy 
spread if the settings of the electron analyser are kept the same. This 
e lastic  sca tte rin g  m easu rem en t was m ade a t E = 100 eV  w ith  th e  
polarised electron source. Beam currents of 520 nA and 165 nA were used 
for comparison. The lower curren t can be achieved by using a neu tra l 
filter in front of the diode laser. I t was found th a t the energy w idth 
(FWHM) of the elastic peak dropped by a factor of two, from ~ 1.0 eV to ~ 
0.5 eV, as the beam  current was reduced from 520 nA to 165 nA. This 
beam current can also be lowered by reducing or tu rn ing  off the cesiation 
current to the source. The same results were found for reducing the beam 
current by these two different ways. Not much improvement in the energy 
w idth was found as the beam current was fu rther reduced from 165 nA.
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The energy broadening of the polarised electron beam is most likely 
due to space charge effects a t the crystal or in the tran sfe r optics. A 
comparison m easurem ent of energy broadening with a photo em itter and 
a therm al em itter was given by Kolac et al. (1988). In th a t case it was 
found, however, th a t space charge would not produce such a large energy 
broadening even with a therm al em itter. One possible reason for the large 
energy broadening  could be in tense  fluctuations in  the  la se r ligh t 
intensity , or multimode frequency of the diode laser (Kolac et al. 1988). If 
th is is true  for the p resent device, one could reduce the energy spread  
significantly by stabilising the diode laser in tensity  and frequency. This 
would provide a large po ten tia l im provem ent in the  (e,2e) energy 
resolution. F u rther investigation of the (e,2e) system energy resolution is 
in progress.
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Chapter 4
(e, 2e) Measurements With Polarised 
Electrons and Xenon Atoms
4.1 Introduction
Low energy in e las tic  excita tion  experim en ts w ith  po larised  
electrons and the heavy noble gas xenon have been carried out recently. 
Obvious spin up-down and left-right asym m etries are observed for the 
xenon fine-structure-split first excited states, 5p 56s (Dümmler et al. 1993, 
U hrig et al. 1994). This asym m etry has been intuitively explained by the 
so-called “fine-structure effect” (Hanne 1992). The question arises w hether 
or not sim ilar mechanism s also apply for the ionisation process when one 
electron is ejected from a bound s ta te . The p resen t (e,2e) collision 
m easurem ents w ith polarised electrons and xenon atoms were in itially  
m otivated by this question.
4.2 The ‘Tine-Structure Effect”
4.2.1 Intuitive explanation
I t is well established th a t the fine-structure effect may produce spin 
up-down asym m etries in electron-im pact excitation of heavy rare-gas 
atom s (H anne 1992), provided th a t  the  final s ta te s  are essen tia lly  
degenerate, although they m ust be in strum entally  resolvable. A simple 
picture illustra ting  th is spin-effect m echanism  is shown in figure 4.1. In 
the excitation of the xenon atom, a vacancy is produced in the closed 5 p 6 
shell, e.g. a 5 p  - » 5 p 6s transition. The spin-orbit coupling w ithin the
c  o  o
target will split the 5 p  open shell into either a P y2 or P3/2 ionic core. 
In the excitation process, the spin orientation of the bound electron is
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always opposite to the spin orientation of its ionic core, because in the 
initial 5 p  configuration the spins compensated each other.
Because of the Coulomb interaction, the orbital angular m omentum  
of the ionic core, (Zc), is oriented after the collision (Anderson et al. 1988). 
In other words, the direct scattering  am plitudes f m are d ifferent for 
d ifferent orbital angu lar m om entum  projections, i.e., The
sam e is true  for the  exchange am plitudes, g+i ^  g0 * g- \ • This orbital 
angular m om entum  orientation affects the spin orientations of the P 1/2 
and  2P3/2 cores. For sim plicity, le t us assum e the o rb ita l an g u la r 
m om entum  of the ionic core is totally oriented norm al to the scattering
r  O
plane, say mi = +1. In the 5p ( P y 2)6s excitation state, it is obvious th a t a 
spin up-down asym m etry may be observed since both direct and exchange 
scattering  are possible for an incident spin-up electron while only direct 
scattering is possible for an incident spin-down electron.
F ig u re  4.1 Simple picture of spin effects in 5p 5(2P1/2)6s excitation of 
xenon atoms.
The only difference betw een the ionisation and the  excitation 
processes is th a t one electron is ejected to a continuum sta te  ra th e r than  
in a bound state . There is no reason why the same m echanism  cannot 
apply to the ionisation process. Nevertheless one should keep in m ind th a t 
the spin conservation law w ithin the bound atom does not hold in the 
ionisation process because the ejected electron is free. The ejected electron 
can th ere fo re  ob tain  any sp in  o rien ta tio n  by exchange w ith o u t 
“considering” the  o rien ta tio n  of the  ionic core, as long as sp in  
conservation  holds for the  tran s itio n . F u rth e r  m ore, the  exchange
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between the incident electron and the core electrons may contribute to the 
spin up-down asym m etry as well. This type of exchange was defined as a 
capture process w ith am plitude h in eq.(2.47).
In the coplanar (e,2e) collisions, the  orbital angular m om entum  
(lc) of the final core is oriented norm al to the scattering plane. For the 
Pi/2,3/2 cores, ( O  is e ither in the sta te  of mi = +1 or th a t of mL = -1 . This 
is because of the conservation of the  orbital angular m omentum  of the 
collision system, since the directions of the orbital angular m om enta of 
both incoming and outgoing electrons are norm al to the scattering plane. 
The component mi — 0 of the core is not involved, i.e., f 0 = g 0 = h ^= 0 ,  in 
the  cu rren t collisions. The direct, exchange, and cap ture  tran s itio n  
am plitudes are denoted by f mi  gm , and / ^  , respectively, mi is the 
orientation sta te  of orbital angular momentum  (Zc). Figures 4.2 and 4.3 
are the respective level diagram s of the Pjy2 an d P3/2 i°n ic cores and 
th e ir corresponding bound electrons. C (slm smi, j m j )  are the  Clebsch- 
Gordan coefficients of these states. The possible sta tes of the final cores 
and the corresponding spin sta tes of the ionised electrons (before any 
possible exchange processes) are outlined by the dashed lines for mi = +1 
state, and solid lines for mi = -1  s ta te —ms and m's are the respective spin 
states of the core and the ionised electron.
If the resu ltan t ionic core is P j/2, the spin orientation of the core is 
down ( ms = - 1 /  2) when = +1, and it is up (ms = +1/2) when mi = -1. 
The possible transitions and their cross sections are listed in table 4.1. The 
cross sections for spin-up (T) and spin-down ( ! )  incident electrons are
<7y2 (T) “  !  [/+i -  g+i|2 + | | / - i  “ h - l f  + f  k -if>  '  (4-la)
~ f  | / - l - S - l |2 + f  | / +l - M 2 + f  k +lf -  (4-lb)
If the resu ltan t ionic core is P 3/2, the spin orientation of the core is 
not as simple as th a t of the 2Pjy2 core. For each component of (lc), say 
mi = +1, the spin orientation of the  core is the combination of spin-up 
( ms = + 1/2) and spin-down ( ms = -1 /2  ), w ith the respective cross section 
am plitudes of 1 and 1/3 (see figure 4.3). The possible transitions and their 
transition cross sections are listed in table 4.2. The cross sections for spin- 
up and spin-down incident electrons are
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ör3/2(^) 00- \ f + l ~ g + l t  +\f+l~h+i\ + \g+l\
I r  |2 1 I r  7  |2 1 I |2
Cr3/2 ('l') 00 | / + l ~ ^ + l | 2 +  g l / ’+ l - ^ '+ l l2 +  2 ^ +1|2 
+ g | / ,- i “ £ - i |2 + |/ ,- 1 _ ^ - 1|2 + l^ - i |2 -
A lthough not explicitly ind icated  in  eqs. (4.1) and  (4.2), the  
am plitudes f m , gm , and hrrli depend on the final J  sta te  of the ion. It is 
obvious tha t ct1/2(T), <j 1/2(^ ) j cr3/2(T), and <t3/2(1) are four different cross 
sections. Only if the exchange and capture processes are totally neglected, 
th a t is gmi = h7rii = 0 for both P y 2 and P3/2 states, then one has
<Ti/2(t) = <W^) - f (l/'-ll2 + |/+ l|2) (4.3a)
<%2(T)= ff3/2(i)oc|(|/_i|2+|^ i|2) (4.3b)
(4.2a)
(4.2b)
from eqs (4.1) and (4.2).
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F igure 4.2 Level diagrams and spin states of the P y  2 ionic core and 
ionised electrons. The dashed lines outline the state of mi = +1, and the 
solid lines outline the state  of mi = -1 .
( m h ms ,m's )
Spin directions of T ransition
cross-
sectionsincident
e~
scattered
e~
ejected
e~
ionic core
(+1, -1/2, +1/2) t t t 4 f | 4 l - 4 T . i l 2
(+1, -1/2, +1/2) i 4 t 4 - f | / ) i - M 2
(+1, -1/2, +1/2) 4 T 4 4 f w 2
(-1, +1/2, -1/2) 4 4 4 t f | / - l - 4 ? - . | 2
(-1, +1/2, -1/2) t T 4 T fl/V -M 2
(-1, +1/2, -1/2) t 4 t t f k - . r
Table. 4.1 The spin-dependent ionisation processes of e + Xe(1S0) —» e + 
e~ + Xe+(2P 1y2) and their transition  cross sections.
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the P3/2 
ionic core
the ionised 
electron
F ig u re  4.3 Level diagrams and spin states of the 2P3/2 ionic core and 
ionised electrons. The dash lines outline the state of mi = +1, and the solid 
lines outline the state of mi = -1 .
Spin directions of Transition
( m h m s ,m's) incident
e_
scattered
e~
ejected
e~
ionic core cross-sections
(+1, -1/2, +1/2) t T T i ||/h -£ +i|2
(+1, +1/2, -V2) T t 1 T
<N_1
(+1, -1/2, +1/2) T 1 t T k J 2
(+1, -1/2, +1/2) i 1 T 1 f|/4i-A«f
(+1, -1/2, +1/2) i t l 1 if
(+1, -1/2, +1/2) 1 1 i T \u-ej
(-1, +1/2, -1/2) 1 1 i t
(-1, -1/2, +1/2) i i T i k-.-M2
(-1, -1/2, +1/2) 4- T 1 1 k - . l2
(-1, +1/2, -1/2) t T 1 t fk-i-A-ii2
(-1, +1/2, -1/2) t i T T | k - . i 2
(-1, -1/2, +1/2) T t t 1 k - 1 - s - j 2
T able. 4.2 The spin-dependent ionisation processes of e -i-XeC1^ )  -> e +
, o
e +Xe ( P3/2 ) and their transition cross sections.
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4.2.2 Theoretical models
Q uantitative calculations of the fine-structure effect in the electron- 
im pact ionisation processes have been carried out recently (Jones et al. 
1994). The theoretical model is based on the improved version of the DWBA 
(distorted-wave Born approximation) model of JMS (Jones, Madison, and 
S rivastava 1992, Rosel et al. 1992). In th is model the capture am plitudes 
hmi are zero. N evertheless, the effects of capture have been included 
th rough  the  use of the  F urness-M cC arthy  exchange po ten tia l U ^  
(Furness and M cCarthy 1973). The ionisation cross sections for spin-up 
( t ) or spin-down (1) incident electrons w ith energy E0 are given by
a%(T) = f+i|2 + k+iP + 3 |/+i~ S+if
^ (i ) = ^ ( i ^ 1i2+k-1i24 i / - i - ^ i 2
+ 1  \f+i\2 + 3 \g+i\2 + \f+i -  g+i\2  ^•
(4.4a)
(4.4b)
(4.4c)
(4.4d)
One notices th a t eq. (4.4) is the sam e as eqs. (4 .1)-and (4.2), applying 
hmi = 0 . In the DWBA model, the direct and exchange am plitudes are 
given by
Sml = ^fc(D*I(2)
1
0 2
J _
r 12
$-ml (2)Zo+(D
(2)Zo+(D
(4.5a)
(4.5b)
Here is the overlap between the initial target state X e(5p6) and final 
ion sta te  Xe+(5 p 5). r 12 is the distance between the incident electron "1" 
and the atomic electron "2". The d isto rted  waves ( j  = 0 ,1 ,2 ) are  
obtained by solving the equations
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(4.6)
and then  orthogonalising each %j  to (^ -ml • Here
U j  = z j U t o n + ( l - 2  atom (4.7)
plus the  Furness-M cC arthy exchange po ten tial U ^ .  U atom(ion) is the 
static potential for the atom (ion), z0 -  0 and
where 012 = 01 + 02, is the angle between the two final state electrons.
The xenon targe t has been described by two different m ethods in 
th is  DWBA model. H artree-Fock w avefunctions and the  LS coupling 
scheme are used in the first type of calculation. It is denoted as the non- 
relativ istic  wavefunction (“NonRel W F”) calculation in la te r discussion. 
Very recently Jones and M adison (1994) fu rther developed th is DWBA 
model, whereby relativistic wavefunctions and the j j  coupling scheme are 
applied to th is heavy atomic system . I t is denoted as the re la tiv istic  
wavefunction (“Rel WF”) calculation. The comparison of these theoretical 
models and the present experimental results will be given in section 4.4.
4.3 Experimental Details
The experim ental setup  w as m ainly  described in  ch ap te r 3. 
C oplanar asym m etric kinem atics is chosen as shown in figure 3.15. A 
spin polarised electron beam em itted from the GaAs source intersects the 
xenon gas beam in the interaction region in the scattering chamber. The 
sca ttered  and ejected electrons are  detected by two electron energy 
analysers in the same plane, the horizontal plane, as the incident electron 
beam .
4.3.1 Interaction region
The in teraction  region is shown in figure 4.4. A sta in less steel 
cylindrical Faraday cage of 35-mm-diam is m ounted on the baseplate of 
the  cham ber. The en trance and exit holes along the  direction of the 
electron beam are both of 5-mm-diam. The electrons leave the interaction 
region th rough  a 2-mm wide slit in  the  F araday  cage. E lectrons, 
especially low energy electrons, are very sensitive to any electric and 
m agnetic fields, therefore, the interaction region should be kept field-free.
z i  =  z 2 ~  ! “
1
(4.8)
2 sin (0 12/2) ’
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T hus the  F araday  cage and the  en trance elem ents of both electron 
analysers are well grounded. The last elem ent of the electron gun is a 
ground-potential electron collimator, which is inserted into the Faraday  
cage. Therefore, any electric field from the electron gun and analysers are 
shielded from the interaction zone. A gas je t is m ounted vertically, w ith 
its exit about 2 mm lower than  the interaction region. The inner diam eter 
of the je t is 0.7 mm. In running the experiment, the am bient gas pressure 
in  the  scattering  cham ber is m ain tained  a t about 6 x 10 Torr by a
_n
variable leak valve w hereas the background pressure is about 2 x 10 
Torr. A dual Faraday cup is set along the beam line 45 mm away from the 
interaction region. The scattered electron analyser is set a t the left side of 
the electron beam, and the ejected electron analyser is a t the righ t side. 
Both of them  are-horizontally rotatable.
mesh
ejected
electrons
scattered
electrons
gas je t
interaction region
mounted on the base plate
gas inlet
F ig u re  4.4 A cross-sectional view of the  in teraction  region along the  
direction of the electron beam.
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4.3.2 Adjustment of the spectrometers
Before th e  (e,2e) m ea su re m e n ts  a re  u n d e rta k en , th e  two 
spectrom eters are adjusted to optim um  conditions for signal coun trä te , 
energy and angular resolution, and linearity. In  order to save the lifetime 
of th e  GaAs electron source, a tu n g sten -filam en t electron gun is 
tem porarily employed to adjust the  (e,2e) system. Figure 4.5 shows the 
diagram  of this “test gun”.
F igure 4.5 Schematic of the "test gun". The voltages V 4, V2, V3, and V4 of 
the lenses are in respect to the filam ent potential setting for V0.
The central energy settings of the scattered  and ejected electron 
analysers are Es = 100 eV  and Ee = 35 eV.  The sam e effective energy 
dispersion range of 6 eV  is chosen for each analyser w ith the same pass 
energy of 50 eV. The scattered electron analyser is adjusted by detecting 
the elastic peak at the incident energy of E0 = 100 e V . After optim ising all 
the necessary conditions over 6 eV  on the scattered electron analyser, an 
averaged energy resolution (full w idth h a lf  m axim um ) of 0 .52eV  is 
achieved. This is the convoluted energy resolution from both the therm ally 
em itted electrons from the “te s t” gun and the scattered electron analyser. 
Figure 4.6(a) shows the elastic peaks scanned from 97 eV  to 103 eV  in 1 eV  
steps.
To adjust the ejected electron analyser a t Ee = (35 ±3) eV, it is ideal
n  i  o
to m onitor the  auto ion ising  s ta te s  of helium : (2s ) S , ( 2s2p)  P,  
(2p  ) D,  and ( 2s2p)  P.  These autoionising sta tes have been precisely 
and intensively studied (eg., Lower and Weigold 1990, van den Brink et al. 
1989). The energies and widths of these four states are listed in table 4.3. It 
is found (Lower and Weigold 1990) th a t  these  auto ionising  peaks, 
especially the lD and lP  peaks, have very large cross sections a t both 
large backward angles (0e ~ 130°) and small forward angles (9e ~ 30°).
Si
gn
al
 (a
rb
.) 
Si
gn
al
 (a
rb
.)
102
97 98 99 100 101 102 103 (eV)
channel
Figure 4.6(a) Elastic spectrum detected at the scattered electron 
analyser, from 97 eV to 103 eV.
channel
Figure 4.6(b) Autoionising spectrum of helium detected at the 
ejected electron analyser at the energy range of 32 eV to 38 eV.
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The energy difference between the lD and lP  autoionising electrons is 
only 0.235 eV. It is therefore a good reference to check the  energy 
reso lu tion  of the  electron  analy ser. As th e  energy w id ths of the  
au to ion ising  s ta te s  a re  not inciden t-energy-dependen t, the  energy 
resolution of the electron analyser itself would be less than  0.235 eV  if  the 
lD and  XP  peaks are  resolvable. F igure  4.6(b) shows the  helium  
autoionising spectrum  detected by the  ejected electron analyser. The lD 
and 1P peaks are obviously resolvable here. Sim ilar energy resolution is 
achieved over the range from Ee = 32 eV  to Ee = 38 eV  and the linearity  of 
the analyser is also well m aintained.
State ' Eß (eV) r ß (eV) E a u  (eV)
(2s2) *S 57.83 (0.04) 0.138 (0.015) 33.24
(2 s2 p ) 58.31 (0.02) 0.008 33.72
(2 p 2) lD 59.91 (0.02) 0.072 (0.018) 35.32
(2 s2 p ) lP 60.145 0.038 (0.002) 35.555
Table 4.3 The energies Eu , n a tu ra l w idths , and the corresponding 
ejected electron energies Eau of the indicated four autoionising sta tes of 
helium, obtained from van den Brink et al. (1989). The figures in brackets 
indicate the associated errors in energy or width.
To m easure the coincident signal, it is very im portant to ensure th a t 
both analysers are  view ing the  sam e volum e of the  electron-atom  
in terac tion  region a t all angles. This is especially im portan t for low 
energy coincidence m easurem ents. Even a 0.5 mm m isalignm ent would 
cause significant reduction in the coincidence signal count rate . For the 
present experim ent, all possible sources of m isalignm ent were checked 
and carefully elim inated before the m easurem ents.
A fter calib ra ting  and ad ju sting  both analysers, the  polarised 
electron source was connected to the  sca tte rin g  cham ber for (e,2e) 
collision m easurem ents. Details of the polarised electron source and the 
polarisation m easurem ents have been presented in sections 3.2 and 3.3. 
The transversely polarised electron beam has a m easured polarisation of 
0 .24± 0.03 .
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4.3.3 Time-of-flight correction
In  collecting the coincidence tim ing spectrum , it is im portan t to 
maxim ise the collision in tensity  n l  and minimise the coincidence w idth 
Atc. This has been discussed in section 3.4.5. To minimise the coincidence 
width Atc, a time-of-flight correction technique is used.
The flight-tim e of an electron through a hem ispherical analyser 
(HSA) depends on its pass energy E , and the deviation a  of the incident 
angle from the norm  (e.g. Imhof et al. 1976). Figure 4.7(a) and (b) are the 
calculated variation  in flight-tim e as a function of entrance energy and 
exit positions respectively for five different entrance angles, taken  from 
Lower and Weigold (1989). The mean pass energy E0 = 30 eV was used in 
th is calculation. For a sm all energy detecting range ( AE = 6 eV), the 
flight tim e th rough  the HSA has alm ost linear functions for the pass 
energy E  and the rad ial exit position X  on the m ultichannel plate. The 
averaged flight tim e (over -3° to +3°) is very accurately approxim ated by 
the central a  = 0° curve.
29 30 31
Entrance energy (eV) Radial exit position (mm)
F igu re 4.7 The flight-tim e through the hem ispherical analysers for a 
range of entrance angle a , plotted as a function of (a) the entrance energy 
of the incident electron, and (b) the arrival position of an electron a t the 
exit plane (taken from Lower and Weigold 1989).
According to the descriptions of tim ing signal processing in chapter 
3, the tim ing signal from the TAC can be expressed as
At = Ts +Tdelay- T e, (4.9)
where Ts and Te are the respective travelling tim es of the scattered and 
ejected electrons from the in teraction region to the exit p late  of both 
analysers. Tdeiay is a constant delay tim e inserted  in the  electronics. 
Before entering the HSA, the trajectories of the electrons are independent 
of th e ir energies, resu lting  only in a sm all time spread. Therefore th is
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contribution to the difference of flight tim es is nearly  constant. As the 
electrons tran s it the HSAs, both the flight tim es of scattered and ejected 
electrons depend on their pass energies and their entrance angles. The 
w idth of the coincidence peak Atc from the TAC combines the flight-tim e 
variations from both the scattered and ejected electron analysers, a typical 
example being shown in figure 3.22 (as well as in figure 4.9(a)). I t has a 
functional dependence on energies (ESf Ee) and incident angles ( a s, a e) 
of both scattered and ejected electrons, therefore it is quite broad.
Due to the focusing properties of the HSA, the position of an electron 
a t its exit plane uniquely defines its energy, but not its angle of entrance, 
a.  According to section 3.4.5, the  position output signal, X,  which is 
proportional to the energy E  should enable one to correct for the energy- 
dependent component of flight-tim e variation through the analyser, but 
not allow one to correct for the dependence on the angle of entrance. By 
averaging the angular variation, the flight-time in a HSA is essentially a 
linear function of arrival position X,  as can be seen in the a  = 0° curve of 
figure 4.7(b). Knowing the experim ental settings and the dim ensions of 
both scattered and ejected electron analysers, the flight-times as functions 
of respective positions, X s and X e can be determined:
Ts = k sX s , and Te = AeX e. (4.10)
In  eq. (4.10), the angular variations of flight-time in both analysers are 
averaged. In the present experim ent, a m ean pass energy Ep = 50 eV is 
used and the sam e energy range AE = 6 eV is adjusted for both HSAs. 
The coefficients Xs and Xe are basically the same for both analysers. The 
w idth of the tim ing coincidence peak can be reduced ~by tak ing  away the 
energy-dependent components Ts and Te from At of eq. (4.9) as
Atcorr = A t - T s +Te ( 4 U )
- A t -  k sX s + XeX e .
Atcorr is therefore independent of the electron energy variations w ithin the 
an a ly se rs . Hence the  w id th  of the  coincidence window Atccorr is 
in d ep en d en t of electron  energies. A sign ifican t reduc tion  of the  
coincidence width is then  achievable. The other component, the angular- 
dependent variations of both analysers, dom inates the corrected tim ing 
w idth, Atccorr, however, the  angle of entrance in each analyser can be 
optim ised by careful lens settings. The time-of-flight correction can be 
achieved by a simple analogue technique. This is now discussed as p art of 
the m ultiparam eter (e,2e) technique.
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4.3.4 Circuit description
The circuit is shown schem atically in figure 4.8. Fe and Fs are the 
respective fast tim ing pulses from the second MCPs of the ejected and 
scattered electron analysers. A e and Be, As and Bs are two pairs of slow 
energy outputs from the two ends of the resistive anodes (RA) m ounted 
behind  the  m ultichannel p la tes (MCP) of the  ejected and sca ttered  
analysers respectively. Fe and Fs generate the time-difference output At 
from the TAC, where Fe is used to s ta r t the TAC and Fs to stop it. These 
pulses are taken from the back of the second MCP in the chevron mounted 
MCP assemblies. In the energy channels, Ae and Be, As and Bs give the 
position outputs X e and X s for the  ejected and scattered  analysers 
respectively. The general procedures for obtaining tim ing and position 
signals have been discussed in section 3.4.5.
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F igure 4.9 Coincidence tim ing spectrum  (a) before and (b) after time-of 
flight corrections.
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To correct the tim ing spectrum , the energy pulses X e and X s are 
rescaled by two attenuators (ATT) to satisfy the conditions of eq. (4.10). The 
tim e signal At is delayed by a delay amplifier (Ortec 427A) so as to m atch 
the tim ing of the a ttenuated  signals XSX S and k eX e. These th ree  pulse 
signals are fed into a dual sum and inverter (Tennelec 253) so th a t the 
output At -  XSX S + XeX e is the corrected tim ing signal A tcorr described by 
eq. (4.11). This corrected tim ing spectrum  is monitored by a commercial 
m ultichannel analyser (MCA) in a personal computer. However, the  
pulses ASXS and heX e from the energy channels include uncorrelated  
signals as well. To discrim inate against these uncorrelated signals, two 
busy outputs from the position sensitive detection analysers (PSDAs) of the 
two energy channels and a busy ou tpu t from the TAC are fed into a 
fast/slow coincidence (C anberra 2144A) to produce a trip le coincidence 
output. This output is used to gate A tcorr signals a fte r a delay/gate 
g en era to r (Tennelec 410A). A tim ing  spectrum  a fte r tim e-of-flight 
correction is shown in figure 4.9(b). The full w idth of the  coincidence 
window Atccorr is reduced to about 15 ns. It is about half of the width before 
the time-of-flight correction. The ra tio  of background and coincidence 
window w idths, r  = Atb/A tc , is increased from the original 5 to 10 after 
correction. The accidental coincidence signal w ith in  the  coincidence 
window is therefore halved. Consequently, the corrected tim ing spectrum  
gives a m uch b e tte r  signal to background ratio  and the  s ta tis tica l 
accuracy of the true  signal is improved significantly.
The windows Atc and Atb are selected from the corrected tim ing 
signal A tcorr spectrum  by two single channel analysers (Canberra 2037A). 
The outputs from these two SCAs are fed into a dual trip le coincidence 
gate, together with two gated and delayed energy position outputs X* and 
Xg from the PSDAs. One output, c = i^Atc »X* »X* j, is the gate signal for 
the coincidence window, the other output, b = [^ Atb • • X s J, is the gate
signal for the background window. At the  energy channel, two energy 
position outputs X e and X s are sum m ed together by a sum am plifier 
(C anberra 1465A). The sum m ed energy outputs include real coincidence 
signals, accidental coincidence signals, and m any uncorrelated single 
signals as well. The c and b gate signals from the tim ing channel are 
therefore used to discrim inate these energy signals. After a certain delay 
(Ortec 427A), the summed energy signal X e + X s is fed into a dual linear 
gate (Tennelec 308). One channel gated by the c-signal produces the  
energy coincidence output, while the other channel gated by the b-signal 
produces the energy background output. The energy outputs from both
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channels are fed into a router multiplexer (Tennelec 306). Then the whole 
energy inform ation is recorded and monitored by ano ther MCA in the 
com puter (PC-386). Figure 4.10 shows a typical energy sum spectrum  for 
the  helium  lS y 2 sta te . It includes two regions, the coincidence region 
(from channel 1 to channel 256) and the background region (from channel 
257 to channel 512). The energy peak in the coincidence region is 
superposed  on a tr ia n g u la r  background spectrum . This tr ia n g u la r  
background is am plified 10 tim es in the background region (the ratio  
r = 10). Therefore, the true  coincidence energy spectrum  is obtained w ith 
eq. (3.45).
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F igu re 4.10 A typical (e,2e) energy spectrum  collected from the helium  
1
0 1 / 2  state.
4.3.5 Data collection
The electron energy distribution in each analyser is alm ost flat for a 
dispersion range of 6 eV. The summed energy spectrum  therefore has an 
effective energy range of 12 eV but the distribution in th is range is the 
convolution of the distribution of each analyser. T hat’s why the summed 
energy spectrum  has a triangu lar background. This uneven trian g u la r 
efficiency function of the summed spectrum  effects the comparison of the 
cross sections of two peaks located a t different energy positions. For 
instance, the  xenon 5 py  and 5py  ionisation peaks have an  energy 
difference of 1.3 eV. As the cross section ratio  of these two peaks is a 
essen tia l p a ram eter in the p resen t m easurem ents, it is im portan t to 
correct for the efficiency so as to obtain a reliable cross section ratio. There 
are two m ethods available to correct for the efficiency. One is to scan the
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energy of the incident electrons. The ionisation peaks are scanned from 
one side of the triangle to the other side as the incident energy is scanned. 
Therefore, two peaks would experience equal efficiencies along all of this 
range. Consequently the variable efficiency is averaged for both peaks. 
This m ethod is called “the  b inn ing  m ode”. The d isadvantage of the 
binning mode is th a t a lot of the time is spent on taking data  a t the fringes 
of the “triangle” where the coincidence countrate is low. It therefore takes 
a long tim e to complete a run  w ith the necessary statistics. This time- 
consum ing m ethod is not su itab le  for th e  p resen t low -countra te  
experiment. The other m ethod is to set the ionisation peaks a t the high 
efficiency positions so th a t the coincidence countrate is maximised. This 
m ethod is possible since the  peaks are close together and both can be 
placed near the ,m ax im um  of the  triang le . After d a ta  collection, the  
coun tra te  in the  peaks are  corrected according to the  shape of the 
corresponding background. This m ethod is called “the non-binning mode” 
and it is used in the current experiment.
In runn ing  the  experim ent, the  PC-386 com puter controls the 
experim ental d a ta  tran sfe r. A M aster Board in the  PC executes the 
experim ental procedure, including the  s ta r t and stop of da ta  collection, 
scanning the angle of electron detector, controlling the spin-direction of 
the incident electron beam, and scanning the energy of incident electrons, 
etc.
4.4 Measurements and Discussion 
4.4.1 (e,2e) collision experiment
The coplanar electron-xenon (e,2e) experim ent has been performed 
a t the incident electron energy of 147 eV. The scattered electron analyser 
is set a t the energy of Es = (100 ±3) eV with a fixed angle of 0S = 28° on the 
left side of the incident beam. The observed transitions are to the xenon 
ion sta tes §Py2 and 5 py , having respective binding energies of 12.13 eV 
and 13.43 eV. The ejected electron analyser is se t a t the  energy of 
Ee = (35 ±3) eV and selected angles from 6e = 31° to 119° on the right side 
of the incident beam. U nder the  p resen t experim ental conditions, the 
d irection  and m agn itude  of m om entum  tra n s fe r , K  = k0 - k s , a re  
estim ated. It is also found th a t when the ejected electron angle is 6e = 55°, 
the recoil momentum, q = K - k e, is approxim ately zero. The m agnitudes 
and directions of K  and q  are listed  in  table 4.4 and the  associated 
diagram, figure 4.11.
I l l
(E n,E q Ep) (eV) (147,97,38) (147,100, 35) (147,103,32)
|X| (a.u.) 1.56 1.56 1.55
a 53.4° 54.9° 55.2°
\q\ (a.u.) 0.12 0.05 0.02
II 1 R 1.56° 0.06° -0.17°
T ab le 4.4 E stim ation  of the  m om entum  tran sfe r K  and the  recoil 
m om entum  q for the  p resent (e,2e) experim ent kinem atics, where the  
incident energy is 147 eV, E  = (100 ±3) eV w ith a fixed angle of 6S = 28°
u
on the left side of the incident beam, the ejected electron angle is 6e =55° 
on the right side of the incident beam. Angle a indicates the direction of K,  
w ith  respect to the direction of incident beam k0, and y is the  angle 
between K  and k e to show the direction of q, (see figure 4.11).
F igure 4.11 The associated diagram  of table 4.4 to indicate the direction of 
K  and q.
The spin of the  incident electrons, P e, is perpendicular to the  
scattering plane w ith the polarisation of 0.24 ±0.03 m easured before and 
after the  (e,2e) m easurem ents. To reduce the space charge from the 
polarised electron source, an electron beam current of about 100 nA has 
been used. After careful ad justm en t of both analysers, a coincidence 
energy resolution of 0.6 eV has been achieved so th a t the §Py2 and 5 py  
ionisation peaks are well resolved. Owing to the accurate alignm ent of the
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(e,2e) detection system  and the efficient perform ance of both electron 
analysers, the  resu ltin g  (e,2e) coun tra te  is quite high. F igure 4.12 
dem onstrates the m easured energy spectra w ith (a) spin-up and (b) spin- 
down incident electrons a t 6e = 40°. It takes about 12 hrs to complete the 
data  collection a t th is angle. From the energy spectra in figure 4.12 one 
notices th a t the 5 p y : 5 branching ratios are obviously different for 
different spin directions of the incident electrons. The ratio for spin-down 
incident electrons is larger than  th a t for spin-up incident electrons a t th is 
angle.
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Figure 4.12 B inding energy spectra  for Xe (e,2e) Xe+ ground s ta te  
tran s itio n s  w ith  (a) spin-up and (b) spin-down inciden t electrons
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4.4.2 Elastic scattering experiment
In  order to check the direction and m agnitude of the polarisation 
vector P e, an electron-xenon elastic scattering  experim ent was carried 
out a t the energy of 50 eV. Only one electron analyser is necessary in the 
elastic scattering experiment. The ejected electron analyser was chosen. 
The kinem atics of th is elastic scattering  experim ent is shown in figure 
4.13. The incident electron polarisation Pe is along the direction of ez, 
norm al to the scattering  plane. The elastically scattered  electrons are 
detected for variable angles a t the right side with respect to the direction of 
the incident electrons, ey . The spin-dependence of the cross section is 
expressed in eq.(2.66) as g (0)  =  g u(6)[1 + S(6)Pe ■ n],  where
n k x k '
k x k'\ ~ e 2 > (4.12)
under the present experim ental kinem atics.
Figure 4.13 The kinem atics of the elastic scattering m easurem ents w ith 
xenon atoms.
The cross section can then be expresses in a scalar form at as
c(e) = (Tu(6 ) [ l - S ( 6 ) P e]. (4.13)
The norm alised spin-up-down asym m etry  (i.e., the  so-called Sherm an 
function) S(6)  can be easily obtained from the m easurem ents of elastic 
cross sections g^(0) a n d G^{0) as
S(G)
_ i _  Gi {e)-o\e)
? e  G ^  ( 0 ) +  <7T ( 6 )
(4.14)
Figure 4.14 gives the Sherm an function of xenon a t 50 eV, in comparison 
w ith the experim ental resu lts from M üller and Kessler (1994) and the 
theoretical calculations therein. The norm alisation value of Pe = 0 .24  is
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used in the present data. Although no serious a ttem pt was m ade in the
<•
presen t m easurem ents to elim inate the  effects of background elastic  
scattering , good agreem ent is nevertheless still achieved betw een the 
p resen t m easurem ents and the resu lts from M üller and K essler (1994) 
(both experim ental and theoretical ones). We are therefore confident of the 
direction of the spin polarisation, as well as its m agnitude to w ithin the 
quoted uncertainty of ±0.03.
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F igu re 4.14 Norm alised spin-up-down asym m etries (Sherm an function) 
for elastic scattering w ith xenon, compared with the m easurem ents from 
Müller and Kessler (1994) and the theoretical calculation therein.)
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4.4.3 Angular resolution
.
U nlike EMS experim ents, which provide d irect w avefunction 
m apping of the target, there is no accurate theory to compare w ith in the 
p resen t experim ental setting to help define the (e,2e) angular resolution. 
To obtain an estim ate of the (e,2e) angular resolution, one has to refer to 
the angular resolution of individual detectors and the angular resolution 
calibrated from the previous EMS experiments made on the same system.
F igure  4.15 shows the  sp in-averaged angu la r d is trib u tio n  of 
elastically scattered cross sections a t 50 eV, obtained by averaging the 
e lectron  sp in  d irec tions for the  e lectron-xenon e lastic  sc a tte r in g  
m easurem ents. The same m easurem ents were performed by Register et 
al. (1986) w ith an  angu lar resolution less th an  1° and w ith  b e tte r 
sub traction  of background elastic signal. The comparison of these two 
m easu rem en ts  shows th a t  the  a n g u la r reso lu tion  of th e  p re sen t 
m easurem ents is likely to be a little worse.
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Figure 4.15 Spin-averaged angular d istribution of the elastic scattering  
cross sections, compared w ith the m easurem ents of Register et al. (1986).
The a n g u la r  reso lu tio n  ob ta ined  from th e  prev ious EMS 
experim ents performed on the same apparatus was less than  2° (FWHM) 
(see section 5.3.3). Thus we conclude th a t the (e,2e) angular resolution of
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th e  p resen t experim ent is b e tte r  th a n  3° (FWHM). T his a n g u la r 
reso lu tion  should be adequate  for the  p resen t m easurem ents of the  
polarisation phenom ena, since the spin dependent param eters, such as 
the  spin-up-dow n asym m etries, spin-resolved branch ing  ra tio s , etc, 
generally behave smoothly as a function of angle.
4.4.4 Results and discussion
T 1The cross sections m easured are o  (Pe) and cr (Pe), w here Pe 
indicates th a t these cross sections are m easured from the mixed electron 
spin sta tes w ith about 24% polarisation. These m easured cross sections 
need to be norm alised to the pure spin states, cj( T )  and c r ( l ) ,  for both 
P y 2 and P3/2 final states. The experim ental m easurem ents obtained in 
the present laboratory are therefore comparable to any other experim ental 
resu lts  obtained under different conditions, and to various theoretical 
calculations. <7 (Pe) and <7 (Pe) can be expressed as m ixtures of cross 
sections from pure spin states as
(4.15a)
(4.15b)
Rearranging eq. (4.15), one has
CT(t ) = - ^ - f (1+Pe)<TT(Pe) - (1- P e)(Ji ( Pe)],
Zr 0e
(4.16a)
a d )  = ^ r [ a + p e)cjl (p e) - a - p e) e h p e) .
e
(4.16b)
The spin-averaged cross section is defined as
(4.17)
The experim ental results are presented in the following ways:
9  91. Spin-up-down asym m etries for both P y 2 and P3/2 states:
see figures 4.16 and 4.17;
2. Spin-resolved S p y :5 py  branching ratios:
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Ä(T) = 0 3 /2 (T)/cri/2 (T), and i? (l)  = CF3/2('l')/ö'i/2('l'), (4.19)
as in figure 4.18;
3. Spin-resolved angu la r correlations for cross sections <7-^2 (T) and 
0 ^ 2 (^) are shown in figure 4.19, and those for <t3/2 (T) and cr3/2 (>L) are 
shown in figure 4.20;
4. Spin-averaged branching ratio:
R u = 0 3 /2 /  (J\j2 * (4.20)
is shown in figure 4.21;
5. Spin-averaged angular correlation for the cross section of the entire 5p  
state, o%p = Ö3/2 + öf/2 , is shown in figure 4.22;
6. Spin-up-down asym m etry for the entire 5p state:
_  (c r i7 2 (^ )+  <73 / 2 ( ^ ) ) ~ ( <7l / 2 ( ^ )  +  °~3/2(^)) , .
P ( <Jl / 2 ( ^ ) +  (J3 / 2 ( ^ ) )  +  ( örl / 2 ( ^ ) +  cr3/2 ( ^ ) )
is shown in figure 4.23.
The erro rs shown in these  figures are  the  s ta tis tica l errors. 
Theoretical resu lts of both “Rel WF” and “NonRel WF” models are also 
presented in figures 4.16 to 4.23.
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From the experim ental results for A y 2 and A3/2 in figure 4.16, the 
largest spin-up-down asym m etries are found at 6e = 3L5° w ith the values 
of A1/2 = +0.49± 0.06 and A3/ 2 = -0 .18± 0 .03 . Both the asym m etries A y  2  
and A3/2 rapidly reduce to zero at about 50°, and then  reverse sign after 
th is angle. A y 2  reaches its m inimum, A1/2 = -0 .22  ±0.07, a t 6e =55° and 
again , converges tow ards zero a t large backw ards angles. A3/2 keeps 
fairly flat w ith the values betw een +0.1 to +0.2 from 55° to 75°. After 
6e =85°, A y 2  and A3/2 overlap and converge towards zero w ith in  the ir 
error bars.
The comparison of the theoretical calculations of the spin-up-down 
asym m etries w ith the experim ental resu lts appears quite disappointing. 
They are ju s t opposite to each other! One possible explanation is tha t, in 
the theoretical calculations, the spin-direction of the incident electrons is 
defined in the  opposite way to the  definition m ade in the  p resen t 
experim ent (although there has been no evidence of this yet). In  th is case 
the  asym m etric calculations from both “Rel W F” and “NonRel W F” 
models are in reasonable agreem ent w ith the experim ental results. This 
is shown in figure 4.17, by reversing the signs of A1/2 and A3/2 in the 
theoretical results. Both of the theoretical results predict the sign reversal 
of A y 2  and A3/2 a t 6e = 55°, which is 5° larger th an  the  m easured  
reversing point. Besides this 5° offset, the theoretical curves of -  A y 2 and 
-  A3/2 are in good agreem ent with the m easurem ents of A1/2 and A3/2.
One notices th a t the  theore tical calculations of “Rel W F” and 
“NonRel WF” give very sim ilar results for the spin-up-down asym m etries. 
This does not m ean th a t there is very little  difference between these two 
theoretical models. In the “NonRel W F” model, the  xenon atom s are 
described w ith the LS coupling scheme and Hartree-Fock wavefunctions. 
The difference between P y 2 and P3/2 states is then very small. In the “Rel 
WF” model, on the other hand, the xenon target is described by relativistic 
wavefunctions and the j j  coupling scheme. Because the relativistic  effect 
is considered in the wavefunctions of bound electrons, the wavefunctions 
for P1/2 and P3/2 states are different. The transition  am plitudes, f mi and 
g mi for P y 2 and P3/2 transitions are therefore different in the “Rel WF” 
and "NonRel WF" models.
From the definitions of the spin-up-down asym m etries (eq. 4.18), 
A y 2 and A3/2 are not very sensitive to the absolute cross-sections to the 
P y 2  and P3/2 sta tes, but ju s t to the relative spin-up-down differences of
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each state. In other words, A y2 and A3/2 are good param eters for testing 
the  fine-structu re  effect. On the  other hand, from the  definitions of 
branching ratios (eqs. 4.19 and 4.20), it is obvious th a t jR(T), R ( i ) ,  and R u 
are very sensitive to the relative difference of Py2 and P3/2 cross sections. 
The b ran ch in g  ra tio  is th ere fo re  m ore sen sitiv e  to th e  ta rg e t  
wavefunction.
The behaviour of the spin-resolved branching ratios is shown in 
figure 4.18. P(T) and P ( i )  have the largest difference a t 6e = 3L5°, th a t is 
P (T )  = 1.4±0.1 and R(i)  = 5 .8± 0.7. R ( T) changes sm oothly from its  
m inim um  to its maximum, R(l)  = 4 .6±0.5, a t 0e =55°, while R ( i )  s ta rts  
from its  m axim um  to its m inim um , P ( l)  = 2.4 ±0.2, a t 6e = 55°. The 
cross-over point of R ( T) and P ( l )  is a t 6e =50°, the sam e angle as the 
crossing over of A y2 and A3/2. Instead of the statistical branching ratio of 
2.0, the  common branching ratio  a t 50° is about 3. After 0e = 55°,P(T) 
reduces again towards 2, while R(  1) rem ains around 2.4 until R ( T) and 
P (4 ) overlap w ithin their error bars a t the large backward angles of 85° 
and 95°.
If  one factors out the spin-dependence of the branching ratios by 
looking a t the spin-averaged data  in figure 4.21, it is obvious th a t the “Rel 
W F” model has m uch be tter agreem ent w ith the experim ental resu lts 
th an  th a t of the “NonRel WF” model. Again, there is a 5° angular offset 
betw een the theoretical and experim ental results. Actually th is angular 
offset persists on every comparison picture from figure 4.16 to 4.23. 
C onsidering  th e  sp in -d ep en d en t fac to rs, the  com parison  of the  
experim ental b ranch ing  ratios, R ( T) and P ( 1), w ith  the  theoretical 
calculations in figure 4.18 shows resu lts  which are again completely 
opposite to each other. Assum ing the theoretical definition of the  spin 
d irection  is reversed , the  “Rel W F” model p red icts very well the  
experim ental resu lts . The “NonRel W F” model, however, gives m uch 
sm aller branching ratios than  those of the experim ental resu lts (for both 
spin-resolved and -averaged branching ratios), although the p a tte rn s of 
these ratios qualitatively agree with the m easurem ents.
Spin-resolved angular correlations to the Py2 and P3/2 sta tes are 
presented in figures 4.19 and 4.20. The spin-averaged angular correlation 
of the overall 5p  sta te  is also shown in figure 4.22. Since the present (e,2e) 
m easurem ents are not on an absolute scale, the m easured cross section is 
norm alised to the “Rel WF” calculation by
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X (Tg/? (m easured) = £  <75p (R elW F), (4.22)
0e=3L5\ 0e=3L5°,
119° 119°
so as to give a comparison of the m easured da ta  w ith the  theoretical 
calculations. Factoring out the spin-dependence of the incident electrons 
in figure 4.22, the  experim ental resu lts give a m inim um  cross section 
point a t 9e = 55°. It is clear, from table 4.4, th a t th is angle corresponds to 
the zero recoil m om entum  of the 5p  core under the p resent kinem atics. 
Both the “Rel WF and “NonRel W F” calculations predicts th is m inim um  
point a t about 60°. The double-lobe shape of the  5p  s ta te  a n g u la r 
correlation is predicted by both theories. However, the m axim um  cross 
section is m easured a t about 45° in the first lobe, not at -70° in the second 
lobe as both calculation predict.
The norm alised o$p becomes the  reference for the spin-resolved 
angular correlations in figures 4.19 and 4.20 for the P 1/2 and P 3/2 cross 
sections. In figure 4.19, the  m easured  cross section cr1y2(T )  h as  a 
m axim um  a t 40° and reduces to a fairly deep m inim um  a t 55°. The 
maximum of the second lobe is a t 75°, which is about 2/3 of the maximum 
in the first lobe. cj1/2(1 ) , on the other hand, has a sm aller m axim um  in 
the first lobe. After a shallow m inimum a t 55°, it reaches its maximum at 
65°. This second m axim um  in the second lobe is a little  bit larger th an  
th a t in the first lobe. Both the “Rel WF” and “NonRel WF” calculations give 
quite sim ilar shapes for the P y 2 s ta te  angular correlations, although the 
“NonRel W F” p red icts re la tive ly  h igher cross sections. Again, the  
assum ption of “spin definition reversing” has to be used here, otherwise 
there is no resem blance between the theoretical and experim ental results. 
The shapes of the calculated Oy2 { i )  (both “Rel WF” and “NonRel WF”) are 
quite sim ilar to the  shape of cr1y2(T )  from the  m easu rem en ts. The 
calculations of cr1y2( T ) ,  however, overestim ate the cross sections of the 
second lobe, compared w ith the m easurem ents of <jy2 { l ) .
The ionisation cross section leading to the P 3/2 sta te  is usually more 
th an  twice as big as th a t of the P 1/2 state. The statistics of the angular 
correlation m easurem ents for the P 3/2 s ta te  in figure 4.20 are therefore 
much better th an  those for the P 1/2 s ta te  in the previous figure. cr3/2 ( l)  
has a larger m axim um  in the first lobe and a sm aller m axim um  in the 
second lobe. ct3/ 2( T ) ,  on the other hand, has a slightly higher m axim um  
in its  second lobe. Both cr3/2 ( t )  and <J3/2 ( i )  have a m inim um  a t 55°, 
CT3/2 ('l') showing a deeper m inim um . Both “Rel W F” and “NonRel W F” 
models give very sim ilar predictions for P3/ 2 sta te  cross sections. For the
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sam e reason as above, the assum ption of “spin definition reversing” has to 
be used in the comparison of the theories w ith the experim ental results. 
For the  first lobe, the agreem ent betw een the calculations and the 
m easured  cross sections is reasonable. The theories, however, predict 
quite different shapes to those of the m easured results. Besides th a t, the 
m agnitudes of both <^3/2 (^) and cr3/2( i)  are overestim ated in the  second 
lobe in both theories, compared w ith the m easurem ents.
The param eters, such as spin-up-down asym m etries, spin-resolved 
branching ratios, and spin-resolved cross sections for both fine-structure 
sta tes, have shown a strong fine-structure effect for xenon an d F 3/2 
ionisation transitions. The question rem ains how im portant the spin-orbit 
in teraction  of free electrons is for such a heavy target? The theoretical 
model used here does not include the spin-orbit interaction, Vso, for the 
free electrons. If  the  sp in-orbit in te rac tion  of the  free electrons is 
negligible, the spin-up-down asym m etries, A§p , of the entire 5p  s ta te  
would be very small as the asym m etries from the fine structure effect are 
largely cancelled. Figure 4.23 gives the experim ental results of Aßp . It is 
not surprising  th a t both theoretical models give asym m etries th a t are 
alm ost zero because the spin-orbit interaction of the free electrons is not 
tak e n  into account in  the  calculations. The experim en tal re su lts , 
however, show th a t there is a small spin-up-down asym m etry for the 5p 
sta te , especially a t the large backward angles. The maximum asym m etry 
is found to be about 13% at 6e = 75°. Although the asym m etries, Agp , are 
not as large as the asym m etries due to the fine-structure effect, the spin- 
orbit in teraction  of free electrons is certainly  not negligible under the 
p resen t experim ental kinem atics.
4.5 Summary
The investigation of the polarisation phenomena in (e,2e) collisions 
w ith xenon atoms provides much new information. It can be sum m arised 
as follows.
1. The existence of the fine-structure effect in ionisation is verified by 
th e  p re s e n t e x p e rim e n ta l m ea su re m e n ts . L arge  sp in -up -dow n  
asym m etries for both P y 2 and P 3/2 fine-structure sta tes are observed 
under the current experim ental kinem atics.
2. If the definition of the spin-direction in the DWBA calculations of 
Jones et al. (1994) is opposite to th a t of the  present m easurem ents, the 
agreem ent between the m easured and calculated fine structu re  effects is
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reasonable for both the relativistic and nonrelativistic models. O therwise 
the agreem ent is poor.
3. The com parison of the  experim ental b ranching  ra tio s  to the  
theoretical calculations reveals the importance of relativistic effects in the 
bound electrons of the  xenon target. The DWBA calculation including 
re la tiv is tic  effects (Rel WF) has m uch b e tte r  ag reem ent w ith  the  
m easured branching ratios.
4. The evidence from the present experiment indicates th a t spin-orbit 
interaction of free electrons (both incoming and outgoing ones) also plays 
a non-negligible role in the present (e,2e) collisions. Therefore, the spin- 
orbit interactions of the entire system (both the bound electrons and the 
free electrons) m ust be taken into account. For the electron collisions with 
heavy atoms, like xenon, spin effects can no longer be classified as either 
purely exchange or spin-orbit effects. Both of these effects may contribute 
to the polarisation phenomena in (e,2e) collisions, although in the present 
kinem atics, exchange effects dominate
The investigation of polarisation phenomena in ionisation collisions 
is a t an early stage. Calculations of polarisation effects are generally  
based on the understanding  of the polarisation phenomena in elastic or 
excitation collisions. Ionisation and excitation are however two different 
processes. In the former, two continuum  electrons and one positive ion 
are formed afte r an ionisation  collision. Therefore, (e,2e) collisions 
provide a s tr in g en t te s t of three-body theories. Spin-resolved (e,2e) 
collisions open a fu rther dimension in th is test: a more detailed te s t of 
three-body collision theory including exchange effects and weak, bu t non- 
negligible, spin-dependent forces.
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Chapter 5
(e 2e) Collisions With Electrons 
And Polarised Sodium Atoms
5.1 Introduction
In th is chapter, experim ental studies of electron-impact ionisation 
w ith laser-excited, aligned and oriented sodium atoms are presented. The 
collision, in fact, involves th ree  kinds of different particles: electrons, 
atoms, and photons. In principle, the interactions of all of them  should be 
considered. Theoretical calculations predicted (Chen 1989, Joachain et al. 
1992) th a t when the laser has very high intensities ( /  ~ 10 W/cm2), the
rad ia tion  strongly affects both the  reaction  atom s and electrons. The 
electron-impact ionisation cross sections will then be very different. In the 
p resen t experim ent, however, the  laser in tensity  is nbout 300mW/cm2, 
m uch lower th a n  the  in tensities requ ired  to “d ress” the  atom s and 
electrons. The effect of the laser, here, is to promote the sodium atoms to 
an excited aligned and oriented state . The electron-atom collisions occur 
w ith the sodium atoms either in a specially aligned and oriented excited 
state , or in a randomly aligned and oriented ground state. The in terest is 
focused on (e,2e) collisions w ith atoms of given alignm ent and orientation.
If  the  incident electrons have re la tive ly  high energy and the  
m omentum  transfer K  is large, the (e,2e) collision in these m easurem ents 
is considered to be a tool for probing the  m om entum  struc tu re  of the 
target. This is called electron momentum  spectroscopy (EMS), which was 
explained in chapter 2. Most EMS m easurem ents have been restricted to 
ground s ta te  ta rg e ts , w here the  atom ic or m olecular electrons are
random ly  aligned and oriented. The re su lta n t electron m om entum  
distributions are therefore spherically averaged.
W ith the assistance of single mode CW lasers, excited targets with 
certain  angular momentum  alignm ent and orientation can be prepared 
for EMS m easu rem en ts . In  th is  ch ap te r, (e,2e) collisions w ith  
unpolarised electrons and laser excited and polarised sodium atoms are 
studied. This extends the first m easurem ent of laser-assisted EMS cross 
sections w ith sodium atoms (Zheng et al. 1990).
5.2 Sodium Target Preparation
5.2.1 Theoretical principles
The sodium atom, w ith its strong absorption a t the D lines around 
590 nm, is ideal for excited-state preparation with a tunable dye laser. As 
left-hand circularly polarised light (cr~) is tuned to excite the sodium D 2 
line hyperfine transition  3 S y 2 (F = 2) —>3 P3/2(F'  = 3), the atoms can be 
prepared in a two-state system consisting of the M F = 2 ground sta te  and 
the M f > = 3 excited state. Figure 5.1 shows the hyperfine energy levels of
n o  n _____ c\
Na for the 3 S y 2 and 3 P3/2 states, indicating the hyperfine substates 
IFM).  In the interaction region of the p resen t experim ent, the am bient 
m agnetic field is reduced to less th an  1 mG by Helmholtz coils so th a t 
there is no energy splitting of different substates | FM).
It m ust be borne in mind th a t the optical preparation is performed 
in a hyperfine (HFS) coupling scheme. The nuclear spin I , which has the 
m axim um  expectation  value of 3/2 for sodium , couples w ith  the  
electronic angu la r m om entum  J  to form a to ta l angu lar m om entum  
F = J  + I.  The I  J  in teraction  forms different hyperfine sta tes. This 
hyperfine  coupling schem e has the  tim e scale of tHFS~h/AE HFS 
determ ined by the hyperfine splitting AEHFS. It is of the order of 1CT9 sec, 
much longer th an  the tim e scale of any electron-atom  collision (Hertel 
and Stoll 1978). The electronic and nuc lear an g u la r m om enta are 
therefore completely decoupled in the electron-atom  collisions, and one 
often can describe the collision process m ost adequately  in  an  fine- 
s tru c tu re  coupling scheme, e.g., the  LS coupling scheme used in the 
previous chapter. The relation between the HFS coupling scheme and the 
fine-structure coupling scheme can be found in Fischer and Hertel (1982).
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Optical pumping
A single mode dye laser can excite atom s from either of the two 
ground sta tes (F  = 2 or 1) to the upper hyperfine states (F '  = 0, 1, 2) w ith 
the selection rule AF = 0, ± 1. The upper sta tes of F'  = 1, 2 can decay into 
both F  = 2 and 1 ground sta tes because of the  selection rule. The small 
energy difference between F'  = 0 and 1 levels causes partia l overlapping 
of these two levels so th a t F'  = 0 level can also decay into either ground 
state. Thus in general, under equilibrium  conditions all atoms are in the 
ground sta te  and no excited atom s are found. Only the upper s ta te  of 
F'  = 3 can decay ju st into the F  = 2 ground states. So, if the laser is tuned 
to th e  S2S y 2(F = 2) —»32P3/2 (F ' = 3) tra n s itio n , a fin ite  u p p er-s ta te  
population can be achieved under stationary  conditions.
W hen the  pum ping ligh t is left-hand  circularly  polarised, the  
transitions are restricted to AMF = +1, while the spontaneous emissions 
w ith  AMF = 0, ± 1 are allowed. F igure 5.2 dem onstrates the  pum ping 
process of left-hand circular polarised light. The populations of the upper 
and lower substa tes are pushed tow ards F ’ = 3, M F>= + 3 and F = 2, 
M f = +2. McClelland and Kelley (1985) calculated the time evolution of the 
magnetic sublevel populations under the continuous <t~-excitation, shown 
in figure 5.3. W ith a laser intensity  of 6 mW/cm2, the stationary condition 
is reached after about 2000 nsec, so th a t the only resonance is between 
F'  = 3, M F'= +  3 and  F  = 2, M F =+ 2 su b s ta te s . In th e  p resen t 
experim ent, the  laser in tensity  is about 300 mW/cm2, and the sodium 
atomic beam is travelling across a 3-mm-diam laser beam. W ith a sodium 
beam velocity of about 860 m/s, the pum ping time for each atom is about 
3.5 ßs .  Therefore, the sodium beam has enough time to be pumped to the 
stationary states. The relaxation time of sodium 3p states is about 16 ns so 
the atoms would experience about 200 pum ping cycles during the process.
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F igure 5.3 Time dependence of the magnetic substate populations.
(a) 32P 3/2 (F' = 3) excited state, (b) 32P3/2 (F ' = 2) excited state, (c) 32S1/2 
(F = 2) ground sta te . Vertical axes represen t fraction of atom s in each 
substate (taken from McClelland and Kelley 1985).
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Alignment and orientation
To give a quantitative expression of the alignm ent and orientation, 
one has to use the language of multipole moments (Hertel and Stoll 1978). 
In  electron-atom  collisions, th e  n u c lea r sp in , / ,  is usually  of no 
significance to the  dynamics. In o ther words, it en ters only through 
statistics. There is also no analysis of the electron spin, S, performed for 
the outgoing electrons in the (e,2e) experim ents. One may therefore factor 
out both the  nuclear and electron sp ins (M acek and H ertel 1974). 
Therefore, it is appropria te  to use d irectly  the  expectation values 
constructed from angular m om entum  operators L  for the orbital motion 
of the atomic electron. Choosing a coordinate frame in which the direction 
of light propagation is along the z-direction and using the  m ultipole 
m om ents of ran k  1 and 2, the alignm ent of electronic orbitals can be 
expressed by two param eters Oq and a2+ given by Fischer and H ertel 
(1982)
a0(L)= ( l 'Mv |3 4- L21 ,
a 2+(L) = (L 'M L\ 4 z { L 2x - L 2y )\LML) = { ))
(5.1a)
(5.1b)
These alignm ent param eters are often called the a -p a ram ete rs , which 
describe the shape of the excited sta te  charge cloud and its direction of 
alignm ent in space, w ith respect to the quantisation axis of, e.g., the laser 
beam, z, in the present case. The orientation of electronic orbitals can be 
sim ilarly expressed by the so called o-param eter as
o0(L) = (L 'M l .\Lz\LMl ) = (5.1c)
It describes the  angular momentum  transferred  to the atom during the 
course of excitation. The population of m agnetic  su b s ta tes  can be 
expressed by these a- and o- param eters. W hen L = 1, as for the sodium 3p  
state, the relations are
p (M L = 0) = 1/3 -  Oq ( D / 3 , (5.2a)
p (M L = ±1) = l /3± o0( D /2  + a0(D /6 .  (5.2b)
The alignm ent and orientation of the p -sta te  charge cloud distribution can 
be described under the basis set | pMi  ^ defined by the magnetic quantum  
num bers M L (i.e., |p+ i),|p_i), and |po)) shown in figure 5.4(a). This basis 
set is called the “atomic” basis set. The other possible choice for a basis set
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is the “m olecular” basis sta tes, i.e., the orbitals |p x), and \pz ),
shown in figure 5.4(b). The relations between these two basis sta tes are 
(Anderson et al. 1988)
|Px) = - ( |P i) - |P - i ) ) /V 2 ,  (5.3a)
Py) = i (|Pi} + |P-l))/V2, (5.3b)
|P z )  =  |Po)-  (5.3c)
To probe the  m om entum  profile in EMS m easurem ents, it  is more 
convenient to use the “molecular” basis states ( |p x), |py)» |pz))*
F igu re  5.4 Two choices of basis sta tes for describing the charge cloud 
d istribution of a p -sta te . The upper panel shows the “atom ic” basis set 
|p +1), |p_i), and Ip0) defined by the magnetic quantum  num ber M L. The 
lower panel shows the  “m olecular” basis sta tes, i.e., the orbitals |p x), 
py j^, and |p z). The quantisation axis z is defined to be the direction of 
laser radiation.
As the sodium atoms are pumped to the stationary  sta te  w ith the 
cr+-excitation light, these a- and o- param eters are
a0(L) = l ,  a 2+(L) = 0, and o0(L) = +l. (5.4)
It is readily seen from the o-param eter th a t the electron orbital angular 
m omentum  is totally oriented in +z-direction for the 32P3/2 state. In other 
words, the electron spin of these excited atoms is totally polarised in the
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+z-direction, using the LS coupling hypothesis. The population of the 
magnetic substates are
p {M L = 0) = p ( M L = -1) = 0 and p ( M L = +1) = 1. (5.5)
By transferring the basis states to (\px ), |P-y), | )) w ith eq. (5.3), one finds 
th a t th is aligned and oriented 3p  s ta te  has 0% population in 3 pz orbital 
and 50% population in both the 3 px and 3 py orbitals.
Depopulation and depolarisation
For cj+-excitation of the F = 2, M F = 2 —» F'  = 3, M F> = 3 transition , 
the sodium atoms are effectively in a pure two-state system and the upper 
sta te  population nu can therefore be derived from a simple tw o-state 
system as (Allen and Eberly 1975)
- 1 l
N  2 l  + A2T% + l ’
(5.6)
where N  = nu + ni is the total num ber of atoms populated in this two-state 
system, I  = is the “dimensionless in tensity”, which is proportional
to the excitation radiation intensity, is the  Rabi frequency, A is the 
frequency detuning, T2 and T are the transverse  relaxation time and the 
spontaneous decay time. The upper sta te  population depends on the laser 
intensity, the detuning width A , and the na tu ra l linewidth (~10 MHz).
If the excitation in tensity  is so low th a t A T2 »I,  the upper sta te  
population increases w ith the light in tensity . It is im portant, in th is 
circumstance, to increase the excitation in tensity  so as to enforce a rapid 
pum ping process. The detuning  w idth  A is usually  larger th an  the 
n a tu ra l linew idth and dom inates the  com pleteness of the upper sta te  
population and atomic polarisation. It includes the laser frequency width 
Avias, the detuning to the central frequency of the atomic beam Av0^ ,  and 
the  Doppler w idth  Avd of the  atom ic beam . The sodium  beam  is 
propagating in the ^-direction, norm al to the  propagation direction, z, of 
the  lase r beam . The atomic beam  has th e  m ean velocity vx and a 
divergence angle (FWHM) a. Because of the Doppler effect, sodium atoms 
w ith different velocities vz along the  z-d irection  will have d ifferent 
effective resonance frequencies. This frequency broadening is the Doppler 
broadening, the width is given by
Avd (5.7)
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where v0 is the central frequency of the atomic beam, and c is the velocity 
of light. In the experim ent here, th is Doppler w idth is about 25 MHz. 
Using frequency-stabilised lasers, w idths of Avias and Av0ff can be made 
to be alm ost negligible, compared w ith th is Doppler broadening.
W hen the excitation intensity  is high it gives faster pumping. On 
the other hand, however, Rabi oscillations occur if the excitation intensity  
is high, and the levels are split by the dynamic S ta rk  effect which leads to 
power broadening of the resonance line and sa tu ration  of the transition. 
This power broadening has a value of Avp = Qr / { k ^ 2 ) .
It is im portant to note th a t eq. (5.6) is the stationary solution derived 
from the optical Bloch equations using  a sim ple tw o-state excitation 
model. The resu lt is reliable only when the excitation intensity  is low and 
the broadening effects are small. The energy difference between the upper 
hyperfine s ta te s  F ' = 3 and F ' = 2 is 59.6 MHz. W hen the  power 
broadening, Doppler broadening, and/or o ther detuning effects are large 
enough compared w ith th is energy gap, a p a rtia l overlap of F'  = 3 and 
F'  = 2 s ta te s  happens before optical pum ping is complete. From the 
F'  = 2 state, transitions are allowed to the F  = 1 ground state, after which 
the atom s are lost to the pum ping process. Thus, excitation in tensities 
w hich are  too high decrease the  upper s ta te  populations and the  
po larisa tion  of the  excited atom s. Besides m aking a w ell-collim ated 
atomic beam to avoid large Doppler broadening, and stabilising the laser 
to the central frequency of the atomic resonance v0, it is very im portant to 
compromise the excitation in tensity  to enforce a quick optical pum ping 
process and avoid high intensities which cause depopulation of the upper 
state  and depolarisation of the excited atoms.
A n o th e r im p o rta n t a sp ec t in  c au s in g  d ep o p u la tio n  and  
depolarisation is the density of the atomic beam . If the density of the 
atomic beam  is too high, the fluorescence light is strong enough to be an 
optical pum ping source itself. Since the fluorescence of spontaneous decay 
is random ly polarised, the atom s pum ped by the  fluorescence are 
random ly  populated  and oriented . T hus th e  averaged u p p e r-s ta te  
population and o rien tation  of the  atom ic beam  are reduced by the 
fluorescence. This effect is called radiation trapping. Both the theoretical 
estim ate and experim ental m easurem ents show th a t the sodium upper- 
sta te  will be rapidly depopulated and depolarised when the sodium beam 
density is over 1011/cm -3 (Hertel and Stoll 1978, Fischer and Hertel 1982).
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Sodium target preparations have been intensively studied. Different 
optimised <7+ -excitation intensities are given in different literature. By the 
experim ental observation of the  to ta l fluorescence (Fischer and H ertel 
1982), the optimum saturation  light in tensity  of 300 mW/em2 was found. 
In the same reference, the a- and o- param eters are observed as well. It is 
found th a t these orientation param eters do not sa tu ra te  even when the 
ligh t in ten sity  is as h igh  as 1600 mW /cm2. A no ther experim en t 
(McClelland and Kelly 1985) indicates th a t even when the light intensity is 
as low as 35 mW/cm2 ,3.5%  of the total population is trapped in the F  = 1 
ground state. A quantum -electrodynam ic calculation (Farrell et al. 1988) 
predicts th a t the largest fraction of atoms are located in the F ' = 3 upper 
s ta te  when the light in tensity  is 143 mW/cm2. However, these values 
correspond to different experim ental and theoretical conditions, e.g. , the 
in tensities and sizes of the atomic beams, the  stabilisation of the lasers, 
etc.. In the present experim ental target preparation, one needs to find out 
the  best ligh t in ten sity  by optim ising th e  experim ental conditions 
according to the existing equipment.
5.2.2 Experimental design
Recirculating sodium oven
A schem atic draw ing of the  rec ircu lating  sodium oven and the 
beam source of sodium is shown in figure 5.5. The source is a vertical 
cylindrical stain less steel container w ith  a volume of about 24 cm3. A 
detachable effusive nozzle, having a length  of 40 mm and exit size of 1- 
m m-diam, is situated  on the  top of the  oven reservoir, and is used to 
produce the  horizontal sodium beam. Two separa te  h ea te rs  (Philips 
thermocoax) are used for the oven and nozzle. The tem peratures of both 
oven and nozzle are m easured by two chromel-alumel thermocouples. To 
produce a high density beam in the in teraction region, it is im portant to 
keep a high rate  of evaporation in the oven. On the other hand one has to 
ensure th a t the sodium vapour will not be blocked in the narrow  tube of 
the nozzle and therefore the tem perature  of the  nozzle should be higher 
th an  th a t of the oven. The usual operating tem pera tu res of oven and 
nozzle are T0 = 460° C and Tn = 520° C respectively. To restric t the sodium 
background and the heat radiation into the scattering chamber, both oven 
and nozzle are shielded by th in  stainless-steel sheets, and a water-cooled 
copper finger is fixed to the m ount of the whole source system to act as a 
heatsink .
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The sodium oven is sim ilar in design to one used previously (see 
Zheng 1989), except a recirculator is added in between the source and 
collimator. The previous sodium oven had  a very short runn ing  tim e, 
w ith a 6 g-load of sodium m aintaining the atomic beam for only about 60 
hours. This is too short for (e,2e) m easurem ents with low populations of 
excited atoms. To get a complete set of m easurem ents, one to two weeks of 
continuous ru n n in g  tim e is necessary . Therefore, the  rec ircu la ting  
sodium oven is employed to recycle much of the wasted sodium from the 
nozzle. The cylindrical recirculator has a diam eter of 35 mm and a length 
of about 30 mm. It is insulated from the m ain oven and surrounded by a 
copper jacket to keep an even tem perature all around. The tem perature of 
the recirculator is controlled by the w ater flow through another attached 
water-cooled copper finger. Two apertures w ith diam eters of 5 mm and 3 
mm are used to let the m ain atomic beam pass through. The rest of the 
sodium im pinging upon its walls is liquified and flows back to the m ain 
reservoir through the recirculator tube. The tem peratures TA, TB of the 
recirculator and its tube are monitored by two thermocouples since it is 
very im portan t to control the tem pera tu re  of the recirculator. If  the 
tem pera tu re  is too high, the recirculator itse lf acts as a source, and the 
density of the beam may be reduced as the m ean free path  of the sodium 
vapour is reduced in the recirculator. If the  tem pera tu re  is too low, 
sodium can be solidified in the recirculator and hence block the apertures 
of the beam and the recirculator tube. By testing  the sodium beam source, 
we found th a t the best tem perature of the recirculator is between 120° C 
and 140° C. Using this recirculating sodium oven, a 6g load of sodium can 
m ain tain  the beam for more than  two weeks.
A m ultiple aperture collimator has been used in th is experim ent to 
reduce the divergent angle of the beam in the interaction region so as to 
reduce the residual Doppler broadening Avd. The collim ator has th ree  
apertures w ith diam eters of 5 mm, 3 mm, and 2 mm respectively. In  this 
arrangem ent the collimated sodium beam is obtained. In the interaction 
region, the sodium beam is 2-mm-diam and has a m axim um  divergence 
of a ~  1°. The average velocity of the  sodium  beam  depends on the 
tem pera tu re  of the nozzle, it is v = ^ 2 k T n/ m  ~ 860m/s, w here m  is the 
m ass the sodium atom. Using eq (5.7), the Doppler width is about 25 MHz.
The atomic beam beyond the interaction region is then  trapped in a 
collector w ith  a refrigera ted  finger (-20°C) to reduce the  sodium  
background in the scattering chamber and to reduce the contam ination to
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the (e,2e) detection system. During the sodium-(e,2e) m easurem ents, the 
background gas pressure is 3 .5 x 1 0  Torr, while w ith the oven off the 
background pressure is about lx  10 Torr. No direct m easurem ent of the 
sodium beam density was made, however, the density can be estim ated by 
com paring the  (e,2e) coun tra tes from an argon-(e,2e) m easurem ent, 
which was done as a check. The experim ental conditions were the same 
except an argon gas pressure of 6 x 10~6 Torr was used. As a resu lt the 
estim ated sodium beam density is in the order of 1010 atom s/cm 3 in the 
in teraction  region (seeing section 5.4). I t is ju s t lower th an  the beam  
density  needed for rad ia tion  trapping , and helps to m ain ta in  a high 
population and polarisation for the upper sta te  sodium atoms.
Laser pumping system
Figure 5.6 shows the scheme of the  laser pum ping system  for
o
preparing the 3 P3/2 ( F ' = 3) sta te  sodium target. A Spectra-physics 380D 
CW ring dye laser, pumped w ith an argon-ion laser, provides a TEMoo 
mode laser beam. The wavelength of the laser is tuned to the sodium D2 
line, A = 5889.97 A, using Rhodam ine 6G dye. W ith 300 W pum ping 
power, the typical ou tpu t of the  dye laser is about 400mW at th is 
wavelength. The laser linewidth is specificated to about 0.5 MHz and the 
frequency of the laser is stabilised w ithin 1 MHz by an external reference 
interferom eter (model 388).
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F igure 5.6 The arrangem ent of the optical excitation for sodium atoms.
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A sodium vapour cell is used as the  w avelength m onitor of the
y
sodium D2 line. One can observe strong D2 line fluorescence as the laser is 
tuned  to the righ t frequency. In the in terac tion  region, the laser beam 
propagating in the z-direction perpendicularly crosses the sodium atomic 
beam  which is directed along the x-direction. The fluorescence from decay 
of the  32Pg/2 ( F ' = 3) s ta te  back to the  32S1y2 { F — 2) ground s ta te  is 
im aged w ith a simple lens onto a split photodiode. Because of the small 
divergence of the sodium beam along the laser beam  direction, ha lf of the 
photodiode m easures the fluorescence A  from the atoms moving with - v z 
component, while the other h a lf m easures the  fluorescence B  from the 
atom s moving w ith +vz component. According to the Doppler effect, the 
atom s in A  absorb higher frequency and the  atom s in B  absorb lower 
frequency th an  /the m ean tran sitio n  frequency v0. Thus if  the  laser 
frequency drifts to v > v0 the fluorescence A would be stronger than  B,  or 
vice versa. The difference between the two photodiode signals, A - B ,  is 
th en  used as an error signal in a feedback loop which provides an 
ex ternal control signal to the laser frequency. A maximum of ±5 volts 
feedback signal corresponds to ±30 GHz frequency adjustm ent. This 
locking scheme is most useful for com pensating slow drifts in laser 
frequency, since fast changes are quite well controlled by the laser’s own 
active stabilisation.
The laser beam has a nearly G aussian spatia l distribution. For a 
TEMoo mode laser, the intensity  7(r) in term s of its total power P  and 
beam  radius W  is given by
I (r)  = (P/  jrW2)ex p (-r2/W 2), - (5.8)
where r is the distance from the centre of the  beam. This inhomogeneous 
spa tia l d istribu tion  of in tensity  affects the  spatia l d istribution  of the 
population of the excited sodium atom s. If  a typical 2-mm-diam laser 
beam is used directly to excite the sodium atom s, the intensity of the laser 
a t r = 1 m m  is only 37% of the in tensity  in the centre of the beam. To 
provide an evenly distributed laser in tensity  upon the sodium atom s, a 
beam expander consisting of two lenses and an  aperture Ai is inserted in 
the  laser beam. The expanded beam  has a 9 mm diam eter. Only the 
central 3 mm is used to pump the sodium atom s. W ith th is expansion it 
tu rn s  out th a t the m inim um  laser in tensity  upon the sodium beam  is 
about 89% of the maximum laser intensity. The averaged laser intensity  is 
7 = 1.49P  (mW/cm2).
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The cj+-polarised radiation is obtained by using a linear polariser 
and a zero-order A/4 retarder. The operational procedure of obtaining and 
checking the polarisation is sim ilar to the  procedure used in optical 
pum ping of the GaAs crystal (section 3.2.3). A circular polarisation of 
about 99% is achieved. Two apertu res A2 an d  A3 w ith  3-mm-diam are 
used before the  laser beam en ters the  sca ttering  cham ber. These two 
apertures are the alignm ent reference of the laser beam to ensure th a t the 
laser passes through the centre of the in teraction region, well overlapping 
w ith the atomic and electron beams (see figure 5.7). After the interaction 
region the laser beam is trapped in a laser dum p to prevent unw anted 
reflection of light. The to tal fluorescence A  + B  from the atomic beam is 
m easured by a voltage m eter as the reference of the sodium beam density. 
To m axim ise the, 32P3/2 ( F ' = 3) s ta te  population, the laser in tensity  is 
a d ju s te d  to ju s t  below th e  s a tu ra t io n  po in t. I t  is P  ~ 200mW  
corresponding to the  averaged in ten sity  7 -3 0 0  mW /cm2. F u r th e r  
increase of the laser power may increase the orientation and alignm ent of 
the excited state, but the population of the upper sta te  will be reduced by 
large power broadening.
5.3 (e,2e) Experimental Set Up
The aim of th is experim ent is to probe the  electron m om entum  
distribution of laser-excited and polarised sodium atoms. A conventional 
non-coplanar symm etric (e,2e) geometry is employed. The set up of the 
apparatus was described in detail in Zheng (1989). Only a brief description 
is given here.
5.3.1 Kinematics and geometry
The kinem atics of the (e,2e) experim ent is schem atically shown in 
figure 5.8. An electron beam with energy E0 = 605 eV is incident along the 
y-direction. The sodium atomic beam is in the  x-direction, and the o + - 
pum ping beam propagates along the  z-direction. Figure 5.8 also shows 
the charge cloud distribution of the sodium 3 px and 3 py orbitals in the x-y 
plane. The scattering plane is the y-z plane and both outgoing electrons 
make a polar angle 6X = 02 = 45° w ith respect to the incident (y) direction. 
They are detected a t the same energy E 1 = E% = 300 ± 3 eV. Electron A  is 
fixed w ithin the scattering plane, while electron B  moves w ith the out-of- 
plane azim uthal angle 0. The m om entum  stru c tu re s  of both sodium 
3 Sy  and 3 P^ ionisation sta tes, w ith the respective binding energies of
5.1 eV and 3 eV, are probed.
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F igure 5.7 The interaction of three crossed beams.
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F igu re 5.8 Schematic diagram  of the experiment and the electron charge
and momentum  densities of the excited 3p (ML = +1) sodium atoms.
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The geom etry of th is non-coplanar (e,2e) experim ent is shown in 
figure 5.9. A tungsten  filam ent electron gun is m ounted on the  bottom 
flange of the sca ttering  chamber. The electron beam  passes vertically  
along the centre of the scattering chamber a t the interaction region, and 
the beam current is monitored by a dual Faraday cup about 80 mm above 
the in teraction region. Two electron analysers are located on the  first and 
second turn-tab les which can be moved by stepping motors. The top tu rn ­
table is used to support the sodium beam source. The horizontal laser 
beam  passes through one vacuum window and in tersects w ith the other 
two beam at righ t angle in the interaction region. The interaction region, 
formed by the th ree  crossed beams (i.e., laser beam, sodium atomic beam, 
and electron beam) is shown in figure 5.7. It is very im portan t to align 
these three beam s to m eet a t the same point, and th is point m ust be 
viewed by both electron analysers.
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F igu re  5.9 Schem atic view of the m u ltiparam eter (e,2e) coincidence 
spectrom eter. The electron beam, laser beam , and the sodium  beam  
in te rsec t a t r ig h t angles. The sodium oven (not shown) is m ounted 
perpendicular to the plane of the diagram.
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A sim ilar experim ent was done a t the incident energy of 805 eV, 
both the outgoing electrons being detected a t 400 ± 3 eV (Zheng et al. 1990). 
The same geometry was used. The only difference in the equipm ent is th a t 
the recirculating oven replaces the  previous short-life oven, and hence 
data  collection occurred for a much longer tim e than  before. The reason 
for using 600 eV incident electrons instead  of 800 eV is to expand the 
distribution  in m om entum  space. Both the  PWIA calculation and the 
previous momentum profile m easurem ents show th a t the sodium 3p  state 
has a very compact momentum distribution. The peak position was found 
a t 0 -  2.5° for the  previous k inem atics given by Zheng et al. (1990). 
Lowering the incident and detected energies expands the  m om entum  
space. For instance, the 3p  peak in the p resent kinem atics is expected a t 
0 -3 .5 ° . With the same experim ental angular resolution, the momentum 
resolution is therefore improved. A nother advantage is to increase the 
(e,2e) cross section by lowering the incident energy to 600 eV, which would 
be still acceptable for EMS probing.
5.3.2 Electron gun
A five-element Zipf-type gun constructed by Storer (1987) is used in 
th is experim ent. The tungsten  filam ent of the  gun is m ounted on a 
m anipulator therefore its position can be optim ised from outside the 
scattering  chamber. Figure 5.10(a) shows the  diagram  of th is electron 
gun and the m anipulator. The distance betw een the  filam ent and the 
interaction region is about 500 mm. Two einzel lenses and two sets of 
quadruple deflectors are used to focus and align the electron beam, which 
is m onitored to th ree  m easuring apertu res SP1, SP2, SP3, and a dual 
F araday  cup. The beam  tran sp o rt is schem atically  shown in figure 
5.10(b). A well focused electron beam of about 15 pA  in the inner cup (2 
mm) is achieved for 600 eV incident electrons.
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(a) (b)
7K FARADAY CUP
Inner c u p - 2 m m  diam. 
Outer c u p —4mm diam.
—  S P 3 —6mm aperture
16cm • INTERACTION REGION
SP2 —2mm aper ture  
EINZEL LENS 2
DEFLECTORS.
SP1 —4mm aperture
EINZEL LENS 1 
DEFLECTORS
ZIPF GUN
F igu re 5.10 The diagram  of (a) the Zipf electron gun and the m anipulator, 
(b) the electron beam transport.
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5.3.3 Energy and angular resolutions
The procedure of the EMS m easurem ents is to m easure the out-of- 
plane angle, 0, dependence of the (e,2e) ionisation cross section. Because 
th e  sodium  3 Py s ta te  has very  com pact m om entum  profile in  
m om entum  space, good angu lar reso lu tion  is therefore necessary  to 
resolve the rapid changes of the density a t small 0 angles. The angu lar 
resolution is defined by the half-acceptance angles AO and A(j). They are 
lim ited by the dispersion of the electron beam, the width of the slits in the 
two analysers, aberra tion  in the  re ta rd in g  lenses, back lash  in  the  
tu rn tab le  drives, and also the size of the interaction region. To compare 
the m easured momentum distribution w ith the theoretical calculations, 
the  angu lar resolution AO and A(f) m ust be convoluted. The angu lar 
resolu tion  was estim ated in the  following way: the  argon m om entum  
profile was m easured and compared w ith calculated cross sections (using 
H artree-Fock wavefunctions) convoluted w ith various combinations of AO 
and A(j> values. Figure 5.11 shows the angular distribution of the 3p  sta te  
of argon in a 0 angular range (-23° to 23°). The best estim ate is for 
AO = 1° and A(f) = 1° in the present experiment.
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F igu re 5.11 The angular distribution of argon 3p  state. It is the angular 
resolution calibration m easurem ent of the  sodium experim ent, w here 
E0 = 615 eV, Ea = E b = 300±3 eV, and 0a = 0b = 45°.
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The binding energies for sodium 3 Sy  and 3 Py  ionisation states 
are 5.1 eV and 3 eV respectively. To resolve these two peaks in the energy 
loss spectrum , an energy resolution of less th an  2.1 eV is essential. The 
energy resolution of the (e,2e) detecting system  can also be determ ined 
from the energy loss spectrum  of argon. An energy resolution of 1.3 eV 
was achieved. This is m ainly due to space charge broadening of the 
incident electron beam.
5.4 Results and Discussion
The non-coplanar (e,2e) cross sections for sodium atoms have been 
m easured  under the above conditions. The da ta  collection circuitry is 
sim ilar to th a t in figure 4.5 except th a t the time-of-flight correction was 
not applied. The öut-of-plane angle 0 is varied under computer control by 
a stepper motor. The angle 0 is scanned from -1.5° to +8.5° in 1° steps. 
The negative angle is used to check the  zero 0 angle, the distributions 
being symmetric about 0 = 0°. Each m easurem ent of a momentum  profile 
contained m any scans to average over long-term drifts. The energy peak 
was found to drift approximately 2 eV in the first few hours of operation of 
the oven due to coating of the cold trap  surrounding the interaction region 
w ith  a layer of sodium m etal. The angle-sum m ed energy spectrum  is 
shown in figure 5.12. The solid line is the total fit to the energy spectrum, 
and the dash lines are for the Guassian fits to the 3 S y 2 and 3 P3/2 peaks. 
The ratio  A3p/A3s for the areas of 3 P3/2 and 3 S y 2 peaks is then  
ob ta ined . The v a riab le  de tec tion  efficiency in  th e  coincidence 
m easurem ents is corrected to get a true  ratio  A3p/A3s (see section 4.3.5). 
The relation of the populations of the excited and ground sta te  atoms was 
approxim ately calculated by using the relation
^  = (5.9)
N 3s A 3s G3p
where cr3s and a3p are 3s and 3p { M L =+1) cross sections sum m ed over 
the  corresponding experim ental 0 angles. U sing the  a3s/<J3p ra tio  
calculated in the PWIA, the relation of 3s and 3p  population densities is 
N 3p/ N 3s = 0.12 ±0.01. In other words, about 11% of the sodium atoms are 
populated in the excited state, which is close to the figure of 15% as given 
in figure 5.3 of the theoretical calculation (McClelland and Kelley, 1985).
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Using a sim ilar relation to eq. (5.9), one is also able to estim ate the 
sodium beam density by comparing w ith the argon beam density in the 
in te rac tion  region. Because the  argon 3p s ta te  angu lar d istribu tion  
m easu rem en ts were done ju s t before the  sodium m easurem ents, the  
experim ental settings are approxim ately the same. By norm alising the 
da ta  collection time and the incident electron beam density, selecting the 
common 0 angles, using the PWIA calculated values for the sodium (3s) 
and argon (3p)  cross section ratio, the sodium and argon beam densities
o
have the relation of jVanftil1TT1/iVargnri « 6 x 1 0  . The argon beam density is 
estim ated to be lx  1013 atoms/cm3, so the density of the sodium beam is in 
the order of 1010 atoms/cm3.
If  the  incident energy is h igh enough the TDCS for the  non- 
coplanar symmetric geometry is proportional to the momentum structure  
of the  ta rge t. In  the plane-wave im pulse approxim ation (PWIA) the  
differential cross section is (section 2.2)
d 5a
dkadkbdEa
c l dqlViiqf, (5.10)
w here  C = (2 k )4 (kakb/k0) f eeS^PNi is a c o n s tan t for th e  p re se n t 
k inem atics, and i/q(qr) is the m om entum  space wavefunction of the  
ejected  electron. The an g u la r co rre la tion  m easu rem en t therefo re  
corresponds to the density m apping of the characteristic orbital i/q in 
m om entum  space along q. For the conditions shown in figure 5.8, the 
recoil m om entum  q is -
Q  Qx^x Qz^z
--^ = sin  (pex + (k0 - ^ 2 k { ) e y + -^ = ( l-c o s  0)ez.
(5.11)
For the  p resen t experim ental se tting , qy = 0 .017a.u.«qx is a sm all 
constant. For 0 >  0.5°, qx»qy and qx»qz , even for the m axim um  0 angle 
(8.5°) of the  m easurem ent. To a good approxim ation, therefore, the 
experim ent m easures the relative TDCS as a function of the qx component 
of the momentum  vector q. The momentum distribution for sodium 32S1/2 
and 32P3/2 sta te s  are shown in figure 5.13. Figure 5.13(a) shows the 
d istribu tion  for the  32S1/2 s ta te , th e  m easured  d is trib u tio n  shows 
excellent agreem ent with the PWIA calculation using the Hartree-Fock 3s 
wavefunction of Clem enti and Roetti (1974). The experim ental angular 
resolution is folded into the calculation.
= 0 com
ponent and the long dashed curve i
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In  figure 5.13(b) the experim ental re su lt of the  m om entum
9distribution for the oriented and aligned 3 P3/2 sta te  is given. Since only 
the M l = +1 state is selected by o + -excitation, the TDCS is
TDCS{Z2P%) = C\y/+1( q f . (5.12)
3Px 3py 3pz
F igu re 5.14 Schematic momentum density m aps of the th ree  degenerate 
3p  orbitals, being the cross-sectional view of figure 5.4 (lower panel) in the 
m om entum  space qx , qy , and qz .
Figure 5.14 gives the momentum densities for sodium 3 px , 3 py , and 3 pz 
orbitals, being the  cross-sectional view of figure 5.4(b) in m om entum  
space qx , qy, and qz . The 3 pz orbital is of course unoccupied. Since both 
qy and  qz a re  nearly  zero, the m om entum  probing along the  qx 
component is simply for the 3px orbital. The m om entum  distribution  of 
th is  aligned and oriented  3p(ML =+l)  s ta te  is com pared w ith  the  
th e o re tic a l ca lcu la tio n  given by th e  H artree -F o ck  3p (ML =+l ) 
wavefunction (M cCarthy 1991) in figure 5.13(b). Very good agreem ent of 
the experim ental m easurem ent and the theoretical calculation (solid line) 
is achieved if the angular resolution is folded into the calculation. Also
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shown in the  figure for com parison are the m om entum  distribu tions 
expected for the  M L = 0 substa te  of the  3 p  s ta te  and th a t  for the 
unoriented 3p(0,±i) state. The la tte r distribution is sim ilar to th a t for the 
M l = +1 substate, but is in significantly poorer agreem ent w ith the data  
due to the inclusion of the M L = 0 component. The m om entum  densities 
for the 3px, 3py , and 3pz orbitals are of course zero along the qx , qy , and 
qz axes in each of th e ir nodal p lanes (see figure 5.14), since th e ir 
dum bbell orbitals are perpendicular to each of th e ir nodal planes, the 
node being a t the origin. However, due to the finite angular resolution and 
hence the finite momentum resolution ( Aqx, Aqy, and Aqz ), there is also a 
finite probability of seeing some 3px and 3py orbital-densities near their 
origin. If  there are any atoms excited to M L = 0  m agnetic substate  (i.e. 
3 p z orbital) due to  imperfect <j + -excitation, the density of the 3 pz orbital 
w ill also con tribu te  to the  m easu red  non-zero com ponent of the  
m om entum  profile as q is close to zero. The probability of seeing 3py and 
3 pz orbitals is decreased as one moves away from the origin along the qx 
direction. This explains the non-zero m om entum  d istribution  near the 
origin of the qx axis.
5.5 Future Perspectives
5.5.1 Theoretical predictions: orientational dichroism
The standard  assum ption in PWIA (or DWIA) calculations of TDCS 
for EMS studies is th a t the initial state , including the incident electrons 
and the in itial target, is randomly oriented in space. The spin direction of 
the  incident electrons and the substa tes M L of the in itia l ta rg e t are 
therefore averaged in this kind of consideration (see eq. 2.3). This is a very 
successful trea tm en t for electron impact ionisation when the electron and 
ta rg e t are  unpolarised. It is, however, not a good approxim ation for a 
collision system  where the initial sta te  is oriented in a certain  direction, 
such as the present experim ental arrangem ent.
Very recently the theoretical trea tm en t of electron impact ionisation 
w ith oriented atoms has been further developed. It is predicted th a t under 
certa in  k inem atic conditions the angu lar m om entum  from the in itia l 
oriented target can transfer to the two outgoing electrons in the final state. 
If the in itial target is oriented by circularly polarised light, the electron 
pair in  the final state  contains inform ation which can distinguish a righ t 
handed coordinate frame from a left handed one. This property is called 
orientational dichroism, which is described by Fehr, Berakdar, and K lar
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(1994). To obtain a concrete concept of th is dichroism, a brief description is 
presented here.
For the  electron im pact ionisation w ith  the in itia l ta rg e t being 
prepared in a certain orientation O, the TDCS is
TDCS(O) = (2* )4 W ( r-f (ka , k b)\V\ko&LML ) 
k0 mlkx l /
Pm lm l (0)(<PLMLko\V\ P J (Äa,Ä6))).
(5.13)
where k0OLML) is an undistorted in itia l s ta te  consisting of an incident 
electron w ith m omentum  kQ and a ta rge t s ta te  V  stands for the
interaction between the incident electron and target, and the final sta te  is 
'¥J(ka,k b). P m l m l ( 0 )  describes the population of m agnetic sublevel M L 
of the ta rge t in angular momentum basis, depending on the direction of 
the  orientation O. In the present experim ent, for instance, the  sodium 
ta rg e t is oriented in the z-direction by circularly polarised light ( cr+ or 
G~).  Replacing the density m atrix  elem ent by sta te  m ultipoles p^o(O ) 
and in troducing  the  irreducible spherical tensors P # 0, ecl- (5.13) is 
rew ritten  as
TDCS(O) = (2 k )a ^ - ' L ( - ) k - l Pk 0 (O)
ko K (5.14)
■(V~f (.ka , k b )\Vk0PK0V0V'\ , k b
where p b  M (O ) = X ( -  )K~L~M (L -  M  LM  \ K  0 )pK0 (O),
L L K
and Pr o (r,r') = S(-)M{ L M L  -  M\  KO)
M
0 LMl
(5.15)
(5.16)
The advantage of using the sta te  m ultipoles is the ir reflection property 
p ^ 0(-O )  = (~)K Pi^o(O). By reversing the direction of target orientation O, 
for instance, reversing the polarisation of atom s from +z-direction to -z- 
direction in the present experiment, one finds an orientational dichroism 
given by
A = TDCS(O) -  TD C S(-O )
= -2 (2 ;r)4 bsth. Z ( - ) L pK0(O)  (5.17)
kg K=odd
•{ *7 (K, kb )\VkoPK0w\Vf(ka , k b)).
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Eq. (5.17) shows th a t only odd values K  of the state multipoles contribute to 
A . A random ly oriented initial target is represented by the scalar K  = 0 
only and of course shows no asym metry a t all.
W ith in  the  f irs t Born approxim ation  the  expression  for the  
dichroism reduces to the vector operator
ABorn=2^(2K)i ^ l m ( . a ß ' , ) K x k b, (5.18)
kQ
where Im (aß*) is the amplitude of the dichroism obtained from the tensor 
operator in  eq. (5.14). An im plied condition for a non-zero ABorn is 
O - ( K x k b) * 0. Two im portan t rem arks can be ex tracted  from th is  
dichroism  expression:
1) In contrast to a non-oriented state  the TDCS is no longer cylindrically 
sym m etric around the momentum  transfer K,
2) To observe a finite value of the dichroism A , the initial sta te  orientation 
O m ust have a component perpendicular to the ( K, k b) plane.
M = -1
M *  +1
F igure 5.15 The calculation of the TDCSs for electron-impact ionisation of 
hydrogen ( 2 p ; M L -  ±1) in coplanar asym m etric geometry w ith  (a) Born 
approxim ation, (b) BBK approxim ation. k0 and ka are  the  respective 
m om enta of the incident and the scattered electrons, K  is the momentum  
transfer. The incident energy is E0 = 250 eV, the energy of the ejected 
electron is Eb = 5 eV, the  sca ttering  angle is 6a = 3°. The an g u la r 
m om entum  quan tisa tion  axis is perpendicular to the  scattering  plane 
(taken from Fehr et al. 1994).
The calculations of the  TDCS for the  oriented  hydrogen (2 p; 
M l = ±1) s ta te  are shown in figure 5.15 and figure 5.16, w ith coplanar 
asym m etric and non-coplanar sym m etric geom etries, respectively. In 
figure 5.15 (from Fehr et al. 1994), the cr1-excitation light is perpendicular
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to the scattering plane. The TDCS calculated within the FBA is shown in 
figure 5.15(a). It is clearly seen th a t there is a large difference between the 
two cross sections for ML = +1 and ML = -1  w ith an incident energy of 
E0 = 250eV. The dichroism  is equal to zero w hen K\\kb. In stead  of 
cylindrical sym m etry the TDCS has a reflection sym m etry  in the 
scattering  plane, T D C S(0,£6) = TD CS(-0,Ä £), where k'b is the vector kh 
reflected about the direction K .  Figure 5.15(b) is the sam e as in figure 
5.15(a) except th a t the correlated final sta te  has been used (i.e., the BBK 
approxim ation for the final sta te  wavefunction). The dichroism  is even 
larger here, and the reflection sym m etry about the m om entum  transfer 
direction is broken.
Q o
F igure 5.16 The calculation of the TDCSs for electron-impact ionisation of 
hydrogen (2 p \ M L -  ±1) in non-coplanar symm etric geometry w ith PWIA 
and BBK approximations. The kinem atics is given by figure 5.8, and an 
incident electron energy of E0 =800eV is used. The solid curve and the 
longer dashed curve are the BBK approximation for ML = +1 and ML = -1  
states respectively, and the shorter dashed curve is the PWIA calculation 
for both Ml = +1 and ML = -1  states (taken from Klar 1994).
Figure 5.16 shows the TDCS calculation for the  non-coplanar 
sym m etric geometry (Klar 1994). The kinem atics are  the  sam e as in 
figure 5.8, and an incident electron energy of E0 = 800eV is used. In th is 
geom etry, the  laser being perpendicu lar to the  x-y. p lane, only the
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components of the K ,  kb vectors w ithin  the x-y plane contribute to the 
dichroism  in the  first Born approxim ation (FBA). As 0 = 0 the  two 
outgoing electrons are in the scattering  plane which is parallel to the 
laser beam  direction. Obviously no dichroism is given a t this point when 
the  FBA holds. The comparison of BBK and PWIA approxim ations is 
given in th is figure. W ith the BBK approxim ation the dichroism is very 
large, even for such a high incident energy. The changing of the out-of­
plane angle 0 —> - 0 is the reflection of the kb vector about K . Thus there 
are  two m ethods of investigating the dichroism: e ither changing the p  
s ta te  orientation direction from ML = +1 to ML = -1  on one side of 0 
angular range, or probing the cross sections a t both sides of 0 angle (0 
—> -0). In the first Born approximation these two methods are equivalent, 
however, the BBK calculation gives a slight difference between these two 
m ethods because the reflection sym m etry about 0 = 0 is lost. The PWIA 
calculation, on the other hand, gives absolutely the same cross section for 
M l = +1 and M l = -1  sta tes and sym m etry about 0 = 0 because of the 
spherica lly  sym m etric  tre a tm e n t of the  ta rg e t from the  orig inal 
consideration. U nfortunately , the  p resen t experim ent was designed 
before the above theoretical developments. N either the polarisation flip of 
the laser light from cr+ to G~, nor the full-angular-range scan from 0 to 
-0  were perform ed when we did the m easurem ents, hence inform ation 
about the dichroism is not available from the current data.
5.5.2 Experimental aspects
The new theories about laser-assisted (e,2e) m easurem ents are very 
encouraging for fu rth er experim ental investigation . There are  a few 
problem s in  the  p resen t experim ent. One problem  is the  sodium 
background  in the  sca tte rin g  cham ber. Sodium  vapour from the  
recirculator, collimator, and along the beam line can difuse, contributing 
to the background. Although the oven has been shielded and cooled to 
reduce such background, the background still increases a lot after the 
rec ircu la tin g  sodium  oven ru n s  for a few days. This background 
contam inates the electron gun, electron analysers, and F araday  cage. 
The heat and the contam ination from the sodium vapour also affect the 
performance of the MCPs in the spectrom eters, especially the one close to 
the sodium oven (i.e., the scanning analyser). This “side effect” of the 
rec ircu la tin g  oven re s tr ic ts  con tinuous long term  m easu rem en ts . 
A nother problem in the  m easurem ents arises from the density of the 
sodium beam. Since the density of the beam  is about three orders lower 
than  th a t of the usual gas beam, the coincidence countrate is extremely
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low. The countrate from the 3p excited sta te  is fu rther reduced because 
the m axim um  population in the 3 P3/2(F / = 3;M^/ =3) substate can only 
reach 15% (theoretical estim ation) by the present optical pumping system. 
To reduce the sodium background in the scattering chamber, a separate 
oven cham ber has been built. To increase the  sodium beam density and 
the population in the excited state , the techniques of optical collimation 
and dual-laser pum ping are mentioned.
Separate oven chamber
Oven chamber
Connection valve to the 
main chamber
Diffusion pump
Roughing pump 
valve
Back line Diffusion pump valve
F igu re 5.17 The diagram  of the separate sodium oven chamber.
The separated sodium oven cham ber is a cylindrical cham ber w ith 
a diam eter of about 77 mm and a length of about 130 mm (see figure 5.17). 
I t is connected to the scattering  cham ber from a side port a t the same 
horizontal level as the interaction region. A gate valve is used in between 
these two cham bers so as to operate them  separately in the preparation 
stage. A diffusion pump is used for the oven chamber, sharing the same
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backing line w ith the scattering chamber. The same recirculating sodium 
oven is used, m ounting on the top flange of the chamber. There are three 
ports on the top flange for feedthroughs and cooling water. The test of the 
vacuum  system and the oven system is in progress.
Optical collimation
When the sodium oven is in the separate  chamber, it is expected 
th a t  the  background in the sca ttering  cham ber will be substan tia lly  
reduced. However, the distance betw een the nozzle and the in teraction 
region is increased by an extra 400 mm. To keep a 2-mm-diam sodium 
beam in the interaction region, a divergence angle of a < 0.3° is required. 
The res t of the beam has to be cut off by depositing these atom s into a 
trad itional geometrical collimator. Besides the reduction of beam density 
in  th e  in te rac tio n  region, the  re s id u a l atom s m ay also produce 
background in the scattering cham ber or, possibly block the aperture  of 
the collimator. A new collimation technique, optical collimation, is now 
feasible to “squeeze” the atomic beam  tow ards the centre so th a t the 
divergence angle is reduced and the density  of the beam is increased 
significantly (Hoogerland et al. 1995).
Instead of using m etal apertures to collimate the beam, a CW laser 
is used to in te rac t w ith the atomic beam  w ith a frequency tuned higher 
th an  the m ean resonance frequency v0 of the atomic beam. Because of the 
divergence of the  sodium beam, the atom s moving tow ards the laser 
propagation direction absorb th is frequency and are excited. As these 
excited atom s decay, the  spontaneous em ission is isotropic. These 
resonance atom s therefore feel a net force from the" laser, tow ards the 
centre of the beam. Deflecting the laser light by a pair of m irrors along the 
direction of the atomic beam, the laser can travel, m any tim es, through 
the beam from both directions so th a t the atomic beam is forced towards 
the centre from both sides. By splitting the laser to form two laser beams 
perpendicular to the atomic beam direction, the  atomic beam can then be 
collim ated in two dim ensions. I t is expected to obtain a very well 
collimated sodium beam by this kind of optical collimator.
Dual-laser optical pumping
As one can see, the population of the 3p  state of sodium is very low, 
and any technique to increase the  upper s ta te  population would be 
desirable. There is a optical pum ping scheme which can increase the 
population of th is excited state: using two laser beam with the frequency
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difference of 1712 MHz, one for the  excita tion  of 32S y 2(F = 2) —> 
32P3/2(F' = 3) as before, and the other for the excitation of 32S y 2(F =  1 ) — > 
32P3/2(F' = 2). Because the excited sta te  32P3/2(F' = 2) can decay back to 
e ither 3 S y 2(F = l) or 3 S y 2(F = 2) ground sta tes, after a few cycles of 
pum ping  the  3 jSy2(-^ = 1) s ta te  w ill be em pty. A gain, w ith  < 7  
polarisation for both laser beams, the sodium atoms will be populated only 
in two hyperfine states: 32S y 2(F =  2;MF = 2) and 32P3/2(F' = 3\M F> = 3). 
The population which was trapped in the 3 S y 2(F = 1) state  in the single­
laser pum ping system  is now pum ped out so th a t the population of the 
excited sta te  will be increased significantly. Morever, the ground sta te  
will be in a pure  oriented s ta te  as well. Since the  o rb ital angu lar 
m om entum  of an s s ta te  is always zero and the nuclear spin I  is not 
coupled in the electron collision, th is s sta te  orientation corresponds to the 
pure  o rien tation  of electron spin  S.  The sodium  atom  is therefore 
polarised not only in the excited state , but the ground sta te  as well. This 
optical pum ping m ethod is called the  dual-laser pum ping technique, 
which is widely used to prepare lithium  and cesium atoms (Baum et al. 
1980, 1991). Actually it is not necessary to use two dye lasers for th is 
technique, as a frequency m odulator shifting the frequency by 1712 MHz 
also works (Lorentz et al. 1993).
Atomic beam (Na)
Scattering
hv , <y± -excitation
Laser beam
F igu re  5.18 The kinem atics of the expected coplanar asym m etric (e,2e) 
experim ents w ith  polarised sodium  atom s and/or polarised incident 
electrons.
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W ith the experim ental im provem ents, intensive investigations of 
(e,2e) collisions can be carried out w ith the  guidance of new theories. If 
the coplanar asymmetric geometry is used, the -excitation laser will 
en te r the  collision cham ber from u n d ern ea th , as in figure 5.18. The 
sca tte ring  plane is therefore perpend icu lar to the  sodium 3p s ta te  
orientation in order to m easure the dichroism by flipping the polarisation 
of the laser beam. Extremely in teresting  experim ents can be carried out 
when the polarised electron beam is used. Both the incident electron and 
the target will be spin-resolved and th e ir spin directions are parallel or 
antiparallel. As the spin degeneracy of both collision particles is removed, 
the study of (e,2e) collisions is then  a t another stage, and spin-dependent 
in te rac tio n s , as well as the  dynam ics of th e  collision, can be 
unam biguously revealed. This is ano ther step  tow ards the sp irit of a 
“perfect experiment” for the study of ionisation collisions.
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Chapter 6
Summary
An (e,2e) detection system, together w ith a polarised electron source 
and a Mott polarim eter provides a very powerful tool for exploring the 
spin-dependence in  the  electron im pact ion isation  processes. This 
appara tu s is described in detail in chap ter 3. A GaAs photocathode is 
used as the polarised electron source. It is pum ped by a GaAlAs laser 
diode w ith the w avelength of 780 nm. By using ^ -p o la r is e d  pum ping 
light and Cs-02 activation of the cathode, an emission current of up to 30 
pA w as ob tained . The e lec trons a re  deflected  th ro u g h  a 90° 
hem ispherical deflector and 1 keV beam  tran sp o rt to the  in teraction  
region with transverse spin polarisation. The direction of the polarisation 
can be easily reversed by reversing the polarisation of the laser. At 147 eV 
incident energy a beam current of up to 4 pA was obtained in the inner 
Faraday cup.
The spin polarisation is m easured by a compact spherical retarding 
polarim eter. M ott sca ttering  happens from a gold foil of 100 nm in 
th ickness and the  beam  energy of 60 keV is used. The detection 
asym m etries can be elim inated by reversing the spin direction of incident 
electrons. W ith the energy loss window extrapolation, the polarisation of 
0.24 ±0.01 was detected, w here ±0.01 is the  sta tis tica l e rro r of the  
m easu rem en ts .
The (e,2e) scattering  system  consists of two 180° hem ispherical 
analysers. Dual-layer m ultichannel plate and a Gear-type resistive anode 
are employed in each analyser to detect the  energy and arriving time of 
electrons. The (e,2e) signals are  analysed  by the  m u ltip a ra m e te r 
coincidence circuit which discrim inates against background events on 
the basis of both energy and tim ing criteria.
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W ith th is spin-resolved inciden t electron beam  and the  (e,2e) 
coincidence spectrom eter, the  in v estig a tio n  of the  sp in -dependen t 
processes in electron im pact ionisation  w ith  xenon atom s has been 
carried  out. Details of the experim ent are given in chapter 4. A coplanar 
asym m etric (e,2e) geometry is used. The incident energy is E0 = 147 eV, 
and  the  spin direction is perpendicu lar to the  scattering  plane. The 
scattered  electrons are detected a t an energy of Es = 100±3 eV and an 
angle of 9S = 28° a t the left side of the incident beam. The ejected analyser 
is kept a t an energy of Ee = 35 ± 3 eV w ith a variation in angular range of 
31° to 119°, a t the righ t side of the  incident beam. The tim e-of-flight 
variations w ithin the analysers are corrected in the data  collection circuit 
and  hence the sta tis tics of da ta  is significantly  improved. W ith such 
a rra n g e m e n ts , -two ion s ta te s  5 P y2 a n d 5 P3/2 of xenon a re  
sim ultaneously detected. These two fine-structure sta tes w ith an energy 
difference of 1.3 eV are well resolved in the energy loss spectrum.
To confirm  the direction and the  m agn itude  of the  electron 
polarisation which is analysed in the M ott detector, an elastic scattering 
experim ent for xenon has been done a t an energy of 50 eV. The spin-up- 
down asym m etries of the  e lastic  cross sections have obtained. The 
norm alised  asym m etry, i.e., the Sherm an function, is compared w ith 
previous experim ental m easurem ents and theoretical calculations made 
in other research groups (Müller and Kessler 1994). Excellent agreem ent 
shows th a t both the spin direction and the  polarisation value obtained 
from the Mott analysis are correct.
The experim ental resu lts are represented  in quite a few different 
ways. They are: spin-up-down asym m etries, A y2 and A3/2, for 52Py2 and 
52P 3/2 states; spin-resolved 5ps/2’5 p y 2 branching ratios, P(T) and R( 1); 
spin-resolved angular correlations of cross sections for 5 Py2 and 5 P3/2
sK I /K  I
sta tes, G y 2 and g ^/2 , spin-averaged 5 p 3/2: 5 p y 2 branching  ratio  R u ; 
spin-averaged angular correlation for the  entire  5p  s ta te  G^p ; and spin- 
up-down asym m etry for the entire 5p  sta te  A$p. Two types of theoretical 
calculations, the “NonRel WF” and “Rel W F”, w ith the DWBA model are 
given for comparison. H artree-Fock wavefunctions and the LS coupling 
schem e is applied in  the  “NonRel W F” model, while re la tiv is tic  
wavefunctions and the j j  coupling scheme is used for the “Rel W F” model.
Obvious spin-up-down asym m etries for these two sta tes have been 
observed. This shows for the first time the existence of the fine-structure 
effect in ionisation collisions. By reversing  the  spin direction in  the
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theoretical models, the agreem ent between the experim ental results and 
th e  “Rel W F” ca lcu la tio n  is good. I t  is confirm ed, from  th e  
m easurem ents, th a t the relativistic trea tm en t of target electrons is very 
im portant. The “NonRel WF” model, which neglects relativity, is found to 
be inappropriate in describing a heavy atom, such as xenon. It is also 
found, from the  m easu rem en ts , th a t  the  sp in-orb it in te rac tio n  of 
continuum electrons is not negligible, although its effect is not as obvious 
as exchange as shown by the fine structure  effect.
A description of an (e,2e) experim ent w ith polarised sodium atoms 
is given in detail in chapter 5. A recirculating sodium oven which gives 
very long running  tim e is used. W ith the  a + -excitation from a single 
mode CW dye laser a t the  w avelength  of A =5889.97 A, a resonan t 
tra n s it io n  betw een  two h y p erfin e  s ta te s  3 S 1/2 (F = 2; M F = +2) 
32P3/2 (F' = 3; M F' = +3) is achieved. The upper sta te  32P3/2 is therefore 
aligned and oriented. Its orbital angu lar m om entum  is polarised along 
the direction of laser beam. The electron beam , laser beam , and the 
sodium beam  in te rsec t a t righ t angles. The non-coplanar sym m etric 
(e,2e) geometry is employed to probe the density profile of the aligned and 
oriented excited sta te  32P3/2 (mi = +1), as well as the spherically oriented 
ground state 32S y2 in momentum space. The incident energy of E0 = 605 
eV is chosen, and the two outgoing electrons are detected a t the same 
energy Ea = Eb = 300 eV and the  sam e polar angle 0a = 6b = 45°. The 
electron b is scanned out of the scattering plane w ith the azim uthal angle 
0 so as to do the probing. The setting of this experiment is very sim ilar but 
lower in energy th an  the  first laser assisted  (e,2e) experim ent w ith 
polarised sodium atoms (Zheng et al. 1990) so as to expand the momentum 
resolution of the detection. The m easured  m om entum  d istribu tion  of 
32P3/2 (mi -  +1) sta te  agrees very well w ith the  PWIA calculation. The 
ground s ta te  32S y 2 and  th e  excited s ta te  32P3/2 of sodium  are  
sim ultaneously detected. The m om entum  profile of spherically averaged 
S2S y 2 s ta te  is in excellent agreem ent with the PWIA calculation.
Considering the  dynam ics of the  (e,2e) collision w ith  oriented 
atoms, the orbital angular m om entum  from the original oriented target 
could transfer to the two outgoing electrons and hence give different (e,2e) 
cross sections for right-hand and left hand excited atoms. It is predicted, 
by Fehr et al. (1994), th a t such (e,2e) dichroism could not only happen in 
the coplanar asymmetric geometry where the dynamics of the collision is 
usually studied, but the non-coplanar symmetric geometry as well. That 
m eans th a t for initially oriented atoms, non-coplanar symmetric (e,2e) is
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not only a traditional tool for momentum density probing but also a way of 
investigating the dynamics of the (e,2e) collision.
Combining the techniques of the  polarised electron beam source 
and the polarised atomic beam  source, one can see a very prom ising 
fu tu re  in (e,2e) collision studies. All of the  in itia l particles are spin- 
resolved so th a t the experim ental m easurem ents would provide much 
new information on spin-dependent interactions, and the dynamics of the 
ionisation collision.
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